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Abstract Of EP1314472 

A multilayered microfluidic device having a 
substantially monolithic structure is formed by 
sintering together a plurality of green-sheet 
layers. The substantially monolithic structure has 
an inlet port for receiving fluid, an outlet port for 
releasing fluid, and an interconnection between 
the inlet port and the outlet port. The substantially 
monolithic structure may also include a variety of 
components to enable useful interaction with the 
fluid, such as electrically conductive pathways, 
heaters, fluid sensors, fluid motion transducers, 
and optically transmissive portions. The 
components are preferably fabricated using thick- 
film or green-sheet technology and are preferably 
co-fired with and sintered to the green-sheet 
layers to become integral with the substantially 
monolithic structure. By using an adhesive to 
bind the green-sheet layers together, the 
multilayered microfluidic device may be 
fabricated without the application of high 
pressures. Selection of an adhesive with a 
polymer that decomposes at a higher 
temperature than the binder present in the green- 
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sheet layers promotes stability of the interfaces 
during the firing process and promotes void-free 
sintering within the interfacial regions. 
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(54) Integrated multilayered microfluldic devices and methods for making the same 



(57) A multilayered microfluldic device having a sub- 
stantially monolithic structure is fonmed by sintering to- 
gether a plurality of green-sheet layers. The substantial- 
ly monolithic structure has an inlet port for receiving flu- 
id, an outlet port for releasing fluid, and an interconnec- 
tion between the inlet port and the outlet port. The sub- 
stantially monolithic structure may also include a variety 
of components to enable useful interaction with the flu id, 
such as electrically conductive pathways, heaters, fluid 
sensors, fluid motion transducers, and optically trans- 
missive portions. The components are preferably fabri- 
cated usingthick-filmorgreen-sheettechnologyandare 
preferably co-fired with and sintered to the green-sheet 
layers to become integral with the substantially mono- 
lithic structure. By using an adhesive to bind the green- 
sheet layers together, the multilayered microfluidic de- 
vice may be fabricated without the application of high 
pressures. Selection of an adhesive with a polymer that 
decomposes at a higher temperature than the binder 



present in the green-sheet layers promotes stability of 
the interfaces during the firing process and promotes 
void-free sintering within the interfacial regions. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] This invention relates to the field of microfluidic 
devices. More particularly, this invention relates to a 
multilayered microfluidic device, fomned from layers of 
green-sheet, having components that are co-fired with 
and sintered to the green-sheet layers to provide an in- 
tegrated and monolithic structure and also relates to 
methods for making such devices. 

Description of Related Art 

[0002] Microfluidic devices have a wide variety of 

chemical and biological applications. Specifically, mi- 
crofluidic devices can be used to mix. react, meter, an- 
alyze, and detect chemicals and biological materials In 
a fluid state. Many synthetic and analytical techniques 
that conventionally require large, bulky, and complicat- 
ed apparatus can be miniaturized as microfluidic devic- 
es. 

[0003] Microfluidic devices are most commonly made 
from silicon, glass, or plastic substrates. However, each 
of these materials has certain disadvantages that limit 
its utility. Channels and various other microfluidic struc- 
tures may be etched into silicon, but such etching proc- 
esses are not typically able to fomn the complex three- 
dimensional structures and embedded structures that 
are often desirable in microfluidic devices. Silicon, as a 
material, Is also not compatible with many fluids con- 
taining biological materials. Typically this problem is 
overcome by the additional step of applying a special 
coating to the microfluidic channels. Finally, because sil- 
icon is a semiconductor, certain pumping techniques, 
such as electrohydrodynamic pumping and electroos- 
motic pumping, are difficult or Impossible to achieve. 
Overall, silicon is an expensive substrate to work with, 
making it of only limited use for the large scale produc- 
tion of microfluidic devices that typically do not require 
structures with dimensions less than about 1 0 microns. 
[0004] Like silicon, channels may also be etched into 
glass substrates. Although three-dimensional and em- 
bedded structures can be built up by bonding together 
successive layers of glass, using an anodic bonding 
process, this bonding process is difficult and very costly. 
In particular, each layer is added sequentially, I.e., only 
one at a time. Moreover, the surface of each successive 
layer must be nearly perfectly flat in order to achieve 
reliable bonding. This stringent flatness requirement 
makes the fabrication of multilayered glass devices dif- 
ficult and expensive and results in low yields. 
[0005] Plastic also has a number of disadvantages as 
a substrate for microfluidic devices. First, most types of 
plastic substrate cannot be used above about SSC'C, 
thereby limiting the extent to which plastic microfluidic 



devices can heat fluids. Second, many plastic materials, 
like silicon, have biocompatibility problems. According- 
ly, biocompatibility is typically achieved by the additional 
step of adding special coatings to the fluid passage- 

5 ways. Third, it is believed that, like silicon, electroosmot- 
Ic pumping would be difficult or impossible to achieve in 
plastic microfluidic devices because of the lack of avail- 
able fixed surface charge. Fourth, the ability to fabricate 
three-dimensional and embedded stmctures in plastic 

10 devices is limited because it is be difficult to join more 
than two plastic layers together. 
[0006] It is known to make multilayered structures out 
of a plurality of green-sheet layers. However, conven- 
tional green-sheet lamination processes generally re- 

15 quire lamination at high pressure. Typically the lamina- 
tion process occurs in two steps. First, the stacked lay- 
ers of green-sheet are subjected to about 1000 to 1500 
psi in a uniaxial press. Next, the layers are subjected to 
about 3000 to 5000 psi in an isostatic press for about 

20 10 to 15 minutes at an elevated temperature, such as 
70°C. 

[0007] This conventional lamination process has a 
number of limitations. For example, the relatively long 
period of time required in the isostatic press is undesir- 

25 able in a large scale manufacturing process. Addition- 
ally, such high pressures tend to distort the dimensions 
of internal structures present in the layers and can dam- 
age certain materials and devices, which may be de- 
sired to be included In the finished multilayered struc- 

30 ture. Control over the dimensions of internal structures 
is also undesirably low when such high pressures are 
used. The problem is particulariy acute when structures 
such as internal or external cavities or channels are de- 
sired to be fomned In the multilayered staicture, as such 

35 structures tend to close up when such high pressures 
are applied. The problem Is more acute the larger the 
cavity or channel is. Accordingly the fomriation of all but 
the very smallest internal cavities and channels, i.e., 
those with sizes less than about 20 microns, in the mul- 

40 tilayered structure is very difficult to do reliably when 
such high pressures are used for lamination. 

SUMIMARY OF THE INVENTION 

45 [0008] In a first principal aspect, the present invention 
provides a multilayered microfluidic device comprising 
a substantially monolithic structure fomried from a plu- 
rality of green-sheet layers sintered together, wherein 
the green-sheet layers include particles selected from 

50 the group consisting of ceramic particles, glass parti- 
cles, and glass-ceramic particles. The substantially 
monolithic structure has a fluid passageway defined 
therein. The fluid passageway has an inlet port for re- 
ceiving fluid, an outlet port for releasing a fluid, and an 

55 interconnection between the inlet port and the outlet 
port. The substantially monolithic staicture also has an 
electrically conductive pathway defined therein, at least 
a portion of which Is fonmed by sintering a thick-film 
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paste to at least one of the green-sheet layers. 
[0009] In a second principal aspect, the present in- 
vention provides a multilayered microf luidic device com- 
prising a substantially monolithic structure fomried from 
a plurality of green-sheet layers sintered together, 
wherein the green-sheet layers include particles select- 
ed from the group consisting of ceramic particles, glass 
particles, and glass-ceramic particles. The substantially 
monolithic structure has a fluid passageway defined 
therein. The fluid passageway has an inlet port for re- 
ceiving fluid, an outlet port for releasing a fluid, and an 
interconnection between the inlet port and the outlet 
port. A fluid sensor for sensing fluid in a portion of the 
fluid passageway is sintered to at least one of the green- 
sheet layers so as to be integral with the substantially 
monolithic structure. 

[0010] In a third principal aspect, the present inven- 
tion provides a multilayered microf luidic device compris- 
ing a substantially monolithic structure fonmed from a 
plurality of green-sheet layers sintered together, where- 
in the green-sheet layers include particles selected from 
the group consisting of ceramic particles, glass parti- 
cles, and glass-ceramic particles. The substantially 
monolithic structure has a fluid passageway defined 
therein. The fluid passageway has an inlet port for re- 
ceiving fluid, an outlet port for releasing a fluid, and an 
interconnection between the inlet port and the outlet 
port. A fluid motion transducer for converting electrical 
energy into fluid motion in a portion of the fluid passage- 
way is sintered to at least one of the green-sheet layers 
so as to be integral with the substantially monolithic 
structure, 

[0011] In afourth principal aspect, the present inven- 
tion provides a multilayered microfluidic device compris- 
ing a substantially monolithic structure fonned from a 
plurality of green-sheet layers sintered together, where- 
in the green-sheet layers include particles selected from 
the group consisting of ceramic particles, glass parti- 
cles, and glass-ceramic particles. The substantially 
monolithic structure has a fluid passageway defined 
therein. The fluid passageway has an inlet port for re- 
ceiving fluid, an outlet port for releasing a fluid, and an 
interconnection between the inlet port and the outlet 
port. Thesubstantiallymonolithicstructure also includes 
an optically transmissive portion for providing external 
optical access to a portion of the fluid passageway. 
[001 2] In a fifth principal aspect, the present invention 
provides a multilayered microfluidic device comprising 
a substantially monolithic structure formed from a plu- 
rality of green-sheet layers sintered together wherein 
the green-sheet layers include particles selected from 
the group consisting of ceramic particles, glass parti- 
cles, and glass-ceramic particles. The substantially 
monolithic structure has a fluid passageway defined 
therein. The fluid passageway has an inlet port for re- 
ceiving fluid, an outlet port for releasing a fluid, an inter- 
connection between the inlet port and the outlet port, 
and includes a cavity. The substantially monolithic struc- 



ture also Includes means for lysing cells in the cavity. 
[0013] In a sixth principal aspect, the present inven- 
tion provides a method for making a multilayered micro- 
fluidic device. A plurality of green-sheet layers is tex- 

5 tured in a first predetemnined pattern defining a fluid pas- 
sageway. The green-sheet layers include particles se- 
lected from the group consisting of ceramic particles, 
glass particles, and glass-ceramic particles, A thick-film 
paste is applied to the green-sheet layers in a second 

10 predetemnined pattern defining a fluid-interacting com- 
ponent. The green-sheet layers are then sintered to- 
gether at a predetemnined temperature for a predeter- 
mined amount of time to form a substantially monolithic 
structure. The substantially monolithic structure has the 

15 fluid passageway and the fluid-interacting component 
defined therein. 

[0014] In a seventh principal aspect, the present In- 
vention provides a multilayered microfluidic device com- 
prising a substantially monolithic structure formed from 

20 a plurality of green-sheet layers sintered together, 
wherein the green-sheet layers include particles select- 
ed from the group consisting of ceramic particles, glass 
particles, and glass-ceramic particles. The substantially 
monolithic structure has a fluid passageway defined 

25 therein. Disposed within the fluid passageway is a hy- 
drophobe region sintered to one of the green-sheet lay- 
ers. 

[0015] In an eighth principal aspect, the present in- 
vention provides a method for fabricating a multilayered 

30 structure from a plurality of green-sheet layers. The plu- 
rality of green-sheet layers include at least a first layer 
and a second layer and have a polymer binder. An ad- 
hesive is applied to a first surface of the first layer. The 
adhesive includes an adhesive polymer different from 

35 the polymer binder, which adhesive polymer decompos- 
es at a higher temperature than the polymer binder. The 
said plurality of green-sheet layers are stacked to fomn 
a multilayered green-sheet structure, with the adhesive 
interposing the first surface of the first layer and a sec- 

40 ond surface of the second layer. The multilayered green- 
sheet structure is fired for a predetennined period of 
time to achieve a predetermined sintering temperature, 
thereby fomriing the multilayered structure. 
[001 6] Because the multilayered microfluidic devices 

45 of the present invention are made from a plurality of 
green-sheet layers sintered together, the devices may 
be provided with a wide variety of properties and func- 
tionalities useful for chemical and biological applica- 
tions. The materials of the green-sheet layers may be 

50 chosen so as to be chemically and biologically compat- 
ible with the fluids used in the device and may also be 
chosen to be compatible with the particular range of 
temperature used in the device. Additionally, the green- 
sheet layers in the device need not be all made of the 

55 same material. In this way, the device may be advanta- 
geously provided with different properties, such as ther- 
mal conductivity, m different locations. As an important 
example, one of the green-sheet layers may include 
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glass particles, so as to provide an optically transmls- 
sive layer allowing external optical access to portions of 
the fluid passageways in the device. 
[001 7] By allowing each green-sheet layer to be proc- 
essed individually before being sintered together, com- 
plicated structures may also be built into the devices of 
the present invention. For example, the fluid passage- 
way in the device may be defined by structures, such as 
vias and channels, which are fomned into several green- 
sheet layers before the layers are sintered together. Ac- 
cordingly, the fabrication out of a plurality of layers al- 
lows the fluid passageway to have a complicated three- 
dimensional structure that would otherwise be difficult 
to achieve. 

[0018] Green-sheet technology also allows the provi- 
sion into the devices of a wide variety of functional com- 
ponents, such as heating elements, cooling elements, 
fluid sensors, and fluid motion transducers. Advanta- 
geously, these functional components may be co-fired 
with and sintered to the green-sheet layers so as to be 
integral with the device. Such integral components are 
more efficiently and reliably incorporated into the de- 
vice, and, thus, facilitate large-scale manufacturing of 
microfluidic devices. 

[0019] Thici<-film technology is an important way of 
providing such integral components. Thick-film pastes 
may silk-screened onto individual green-sheet layers 
and then co-fired with and sintered to the green-sheet 
layers to become integral with the device. The thick- 
films may include conductive materials, such as metals, 
to provide electrically conductive pathways in the de- 
vice. In particular, the use of conductive traces deposit- 
ed onto the surfaces of green-sheet layers in combina- 
tion with conductor-filled vias in the green-sheet layers 
allows for the efficient fabrication of complicated electri- 
cal conduction pathways in the device. Thick-film tech- 
nology also allows other materials, such as thermoelec- 
tric, piezoelectric, and high magnetic pemneability ma- 
terials to be incorporated into the device. 
[0020] By using an adhesive to bind the green-sheet 
layers together, they can be laminated at low pressures, 
thereby minimizing defonnation and damage to internal 
structures and allowing cavities and channels to be 
formed with good dimensional tolerances. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 Is a schematic representation of part of 
a multilayered microfluidic device, in accordance with 
an embodiment of the present invention. 
[0022] FIGS. 1 A-1 F are partial views of the multilay- 
ered microfluidic device of FIG. 1 , with each partial view 
corresponding to a plan view of a distinct layer of the 
multilayered microfluidic device of FIG. 1 . 
[0023] FIG. 2 is a schematic representation of the 
steps for making a multilayered microfluidic device, in 
accordance with an embodiment of the present Inven- 
tion. 



[0024] FIG. 3 Is a schematic representation of an al- 
ternate method for making a multilayered structure in 
accordance with the present invention. 
[0025] FIG. 4 is a schematic representation of a mul- 
5 tilayered structure made in accordance with the present 
invention. 

[0026] FIG. 5 is a schematic representation of part of 
a multilayered microfluidic device having a horizontal 
heater, in accordance with an embodiment of the 
10 present invention. 

[0027] FIG. 5A is a partial view of the multilayered mi- 
crofluidic device of FIG. 5, corresponding to a plan view 
of the bottom layer of the multilayered microfluidic de- 
vice of FIG.5. 

15 [0028] FIG. 6 is a schematic representation of part of 
a multilayered microfluidic device, having a vertical coil 
wound around a cavity, in accordance with an embodi- 
ment of the present Invention. 
[0029] FIG. 6A is a perspective view of the vertical coil 

20 ofFIG.6. 

[0030] FIG. 7 is a schematic representation of part of 
a multilayered microfluidic device, having a horizontal 
coil wound around a channel, in accordance with an em- 
bodiment of the present invention. 
25 [0031] FIG. 7A is a perspective view of the horizontal 
coil of F1G.7. 

[0032] FIG. 8 is a schematic representation of part of 
a multilayered microfluidic device having a thermoelec- 
tric element, in accordance with an embodiment of the 

30 present invention. 

[0033] FIG. 9 is an exploded schematic representa- 
tion of part of a multilayered microfluidic device, having 
two themnoelectric elements, in accordance with an em- 
bodiment of the present invention. 

35 [0034] FIG. 9A is a schematic view of one of the ther- 
moelectric elements of FIG.7, 
[0035] FIG. 1 0 is a schematic representation of an al- 
ternate configuration for a thermoelectric element, in ac- 
cordance with an embodiment of the present invention. 

40 [0036] FIG. 11 is a schematic representation of part 
of a multilayered microfluidic device, having a themrial 
isolation pocket, in accordance with the present inven- 
tion. 

[0037] FIG. 12 is a schematic representation of part 
45 of a multilayered microfluidic device, having a plurality 
of themrial vias, in accordance with the present inven- 
tion. 

[0038] FIG. 13 is a schematic representation of part 
of a multilayered microfluidic device, having a heat ex- 

50 changer, in accordance with the present invention. 
[0039] FIG. 14 is a schematic representation of part 
of a multilayered microfluidic device, having a heteroge- 
neous catalyst in a reaction chamber, in accordance 
with an embodiment of the present invention. 

55 [0040] FIG. 15 is a schematic representation of part 
of a multilayered microfluidic device,, having means for 
applying microwave energy for cell lysis, in accordance 
with an embodiment of the present invention. 
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[0041] FIG. 16 is a schematic representation of part 
of a multilayered microf luidic device, having a capacitive 
sensor, in accordance with an embodinnent of the 
present invention. 

[0042] FIG. 17 is a schematic representation of part 
of a multilayered microf luidic device, having a capacitive 
sensor, in accordance with an embodiment of the 
present invention. 

[0043] FIG. 18 Is a schematic representation of part 
of a multilayered microf iuidic device, having a capacitive 
sensor, in accordance with an embodiment of the 
present Invention. 

[0044] FIG. 19 is a schematic representation of part 
of a multilayered microf luidic device, having a capacitive 
sensor, In accordance with an embodiment of the 
present invention. 

[0045] FIG. 20 is a schematic representation of part 
of a multilayered microfluidic device, having a resistive 
sensor, in accordance with an embodiment of the 
present invention. 

[0046] FIG. 21 Is a schematic representation of part 
of a multilayered microfluidic device, having a resistive 
sensor, in accordance with an embodiment of the 
present invention. 

[0047] FIG. 22 is a schematic representation of part 
of a multilayered microfluidic device, having a tempera- 
ture sensor, In accordance with an embodiment of the 
present invention. 

[0048] FIG. 22A is a partial view of the multilayered 
microfluidic device of FIG. 22, corresponding to a plan 
view of a layer of the multilayered microfluidic device of 
FIG. 22. 

[0049] FIG. 23 Is a schematic representation of part 
of a multilayered microfluidic device, having a pH sen- 
sor, in accordance with an embodiment of the present 

invention. 

[0050] FIG. 24 is a schematic representation of part 
of a multilayered microfluidic device, having a pH sensor 
and a cavity for a reference solution, in accordance with 
an embodiment of the present Invention 
[0051] FIG. 25 is a schematic representation of part 
of a multilayered microfluidic device, having a pH sensor 
and an internal reference electrode. In accordance with 
an embodiment of the present invention. 
[0052] FIG. 26 is a schematic representation of part 
of a multilayered microfluidic device, having an optically 
transmissive layer, in accordance with an embodiment 
of the present invention. 

[0053] FIG. 27 is a schematic representation of part 

of a multilayered microfluidic device, having an optically 
transmissive layer, in accordance with an embodiment 
of the present Invention. 

[0054] FIG. 28 Is a schematic representation of part 
of a multilayered microfluidic device, having optical vias, 
in accordance with an embodiment of the present inven- 
tion. 

[0055] FIG. 29 Is a schematic representation of part 
of a multilayered microfluidic device, having optical vias 



and an optically transmissive layer, in accordance with 
an embodiment of the present Invention. 
[0056] FIG. 30 Is a schematic representation of part 
of a multilayered microfluidic device, having an optical 
5 fiber therein, in accordance with an embodiment of the 
present Invention. 

[0057] FIG. 31 is a schematic representation of part 
of a multilayered microfluidic device, having a horizontal 
and a vertical optically transmissive pathway, in accord- 

10 ance with an embodiment of the present Invention. 
[0058] FIG. 32 is a schematic representation of part 
of a multilayered microfluidic device, having an elec- 
troosmotic pumping system, In accordance with an em- 
bodiment of the present Invention. 

15 [0059] FIG. 33 is a schematic representation of part 
of a multilayered microfluidic device, having an electro- 
hydrodynamic pumping system, in accordance with an 
embodiment of the present Invention. 
[0060] FIG. 34 is a schematic representation of part 

20 a multilayered microfluidic device, having a piezoelec- 
tric pumping system, In accordance with an embodiment 
of the present Invention. 

[0061] FIG. 35 is a schematic representation of part 
of a multilayered microfluidic device, having a piezoe- 

25 lectric pumping system, in accordance with an embod- 
iment of the present invention. 
[0062] FIG. 36 Is a schematic representation of part 
of a multilayered microfluidic device, having Integrated 
electromagnets, In accordance with an embodiment of 

30 the present invention. 

[0063] FIG. 37 is a schematic representation of part 
of a multilayered microfluidic device, having Integrated 
electromagnets, in accordance with an embodiment of 
the present invention. 

35 [0064] FIG. 38 Is a cross-sectional schematic repre- 
sentation of part of a multilayered microfluidic device, 
having integrated electromagnets that control a magnet- 
ic stimng bar, in accordance with an embodiment of the 
present invention. 

40 [0065] FIG. 39 is a top view schematic representation 
of part of a multilayered microfluidic device, having in- 
tegrated electromagnets that control a magnetic stirring 
bar. in accordance with an embodiment of the present 
invention. 

45 [0066] FIG. 40 is a top view schematic representation 
of a layer of a multilayered microfluidic device, having a 
capillary break. In accordance with an embodiment of 
the present invention. 

[0067] FIG. 41 is a schematic representation of part 
50 of a multilayered microfluidic device, having a hydropho- 
bic region in a fluid passageway, in accordance with an 
embodiment of the present Invention. 
[0068] FIG. 42 is a schematic representation of part 
of a multilayered microfluidic device, having a pair of hy- 
55 drophobic regions in a fluid passageway, In accordance 
with an embodiment of the present invention. 
[0069] FIG. 43 is a schematic representation of part 
of a multilayered microfluidic device, having a hydropho- 



9 

bic region in a vertical fluid passageway, in accordance 
with an embodiment of the present invention. 
[0070] FIG. 44 is a schematic representation of the 
steps for making the hydrophobic region in the vertical 
fluid passageway of FIG. 43, in accordance with an em- 
bodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0071] A multilayered microftuldic device in accord- 
ance with the present invention is made from layers of 
green-sheet that have been laminated and sintered to- 
gether to forni a substantially monolithic structure. 
Green-sheet is a composite material that includes Inor- 
ganic particles of glass, glass-ceramic, ceramic, or mix- 
tures thereof, dispersed in a polymer binder, and may 
also include additives such as plasticizers and disper- 
sants. The green-sheet is preferably in the form of 
sheets that are 50 to 250 microns thick. The ceramic 
particles are typically metal oxides, such as aluminum 
oxide or zirconium oxide. An example of such a green- 
sheet that includes glass-ceramic particles is "AX951" 
that is sold by E.I. Du Pont de Nemours and Company, 
An example of a green-sheet that includes aluminum ox- 
ide particles is "Fen-o Alumina" that is sold by Ferro 
Corp. The composition of the green-sheet may also be 
custom fomriulated to meet particular applications. 
[0072] The green-sheet layers are laminated together 
and then fired to form a substantially monolithic multi- 
layered structure. The manufacturing, processing, and 
applications of ceramic green-sheets are described 
generally in Richard E. Mistier, "Tape Casting: The Basic 
Process for Meeting the Needs of the Electronics Indus- 
try," Ceramic Bulletin, vol. 69, no. 6, pp. 1 022-26 (1 990). 
and in U.S. Patent No. 3,991 ,029, which are incorporat- 
ed herein by reference. 

[0073] Shown in Figure 1 is a cross-sectional view of 
a representative multilayered microfluidic device 10. 
Multilayered microfluidic device 1 0 is made from green- 
sheet layers 12-22 that have been laminated and sin- 
tered together to form a substantially monolithic struc- 
ture. Device 1 0 includes a cavity 24 that is connected to 
a first channel 26 and to a second channel 28. First 
channel 26 is also connected to a first via 30 which, in 
turn, is connected to a second via 32 that defines a first 
fluid port 34. Second channel 28 is connected to a third 
via 36 that defines a second fluid port 38. In this way, 
cavity 24 is in fluid communication with fluid ports 34 
and 3S. More particularly, vias 32 and 30, first channel 
26, cavity 24, second channel 28, and via 36 together 
define a fluid passageway interconnecting fluid ports 34 
and 38. In this configuration, ports 34 and 38 could be 
used as fluid input or output ports to add reactants and 
to remove products, with cavity 24 providing a place for 
reactions. 

[0074] Figures 1A-1F are plan views of each one of 
layers 12-22, individually, to show what portions would 
be fornned into each one the layers 12-22 before laml- 
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nation to provide the aforementioned fluid passageway. 
As shown in Figure 1 A, layer 12 has via 32 and via 36. 
As shown in Figure IB, layer 14 has via 30 and has a 
portion of cavity 24 connected to channel 28. As shown 

5 in Figure 1 C, layer 1 6 has a portion of cavity 24 connect- 
ed to channel 26. As shown in Figure 1 D has a portion 
of cavity 24. Layers 20 and 22, shown in Figures 1 E and 
IF, respectively, have no such structures. 
[0075] The method of fabricating the multilayered mi- 

10 crofluidic devices of the present invention begins with 
providing sheets of green-sheet that are preferably 50 
to 250 microns thick. The sheets of green-sheet are cut 
to the desired size, typically 6 inches by 6 inches for 
conventional processing. Each green-sheet layer may 

15 then be textured using various techniques to fomn de- 
sired structures, such as vias, channels, or cavities, in 
the finished multilayered structure. 
[0076] As used herein, the term "via" refers to a hole 
formed in a green-sheet layer. Typical vias have diam- 

20 eters ranging from 100 to 500 microns. Vias may also 
be filled in subsequent steps with other materials, such 
as thick-film pastes. 

[0077] As used herein, the tenn "channel" refers to an 
open region within a multilayered structure that has its 

25 length greater than its diameter. Typical channels have 
diameters ranging from under 1 00 microns to 500 mi- 
crons. In the microfluidic devices of the present inven- 
tion, channels are typically used to transfer fluid mate- 
rials. "Channels" may also be referred to as "capillaries" 

30 or "conduits." 

[0078] As used herein, the temri "cavity" refers to a 
hole or open area in the microfluidic device. Cavities are 
typically used to contain, mix, react, or transfer fluid ma- 
terials. Typically, cavities are connected to a channel or 

35 a via to provide input or output of material, and, in such 
cases, the cavity has dimensions greater than that of 
the channel or via. "Cavities" may also be referred to as 
■wells." 

[0079] Various techniques may be used to texture a 

40 green-sheet layer. For example, portions of a green- 
sheet layer may be punched out to form vias or chan- 
nels. This operation may be accomplished using con- 
ventional multilayer ceramic punches, such as the Pa- 
cific Trinetics Corp. Model APS-871 8 Automated Punch 

45 System. Instead of punching out part of the material, 
features, such as channels and wells may be embossed 
into the surface of the green-sheet by pressing the 
green-sheet against an embossing plate that has a neg- 
ative image of the desired structure. Texturing may also 

50 be accomplished by laser tooling with a laser via system, 
such as the Pacific Trinetics LVS-3012. 
[0080] Next, a wide variety of materials may be ap- 
plied, preferably in the fomi of thick-film pastes, to each 
textured green-sheet layer. For example, electrically 

55 conductive pathways may be provided by depositing 
metal-containing thick-film pastes onto the green-sheet 
layers. Thick-film pastes typically include the desired 
material, which may be either a metal or a dielectric, In 
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the form of a powder dispersed in an organic vehicle, 
and the pastes are designed to have the viscosity ap- 
propriate for the desired deposition technique, such as 
screen-printing. The organic vehicle may include resins, 
solvents, surfactants, and flow-control agents. The 
thick-film paste may also include a small amount of a 
flux, such as a glass frit, to facilitate sintering. Thick-film 
technology is further described in J.D. Provance, "Per- 
formance Review of Thick Film Materials," Insulation/ 
Circuits (April, 1977) and in Morton L Topfer, Thick Film 
Microelectronics, Fabrication, Design, and Applications 
(1977), pp. 41-59, which are incorporated herein by ref- 
erence. 

[0081] The porosity of the resulting thick-film can be 
adjusted by adjusting the amount of organic vehicle 
present in the thick-film paste. Specifically, the porosity 
of the thick-film can be increased by increased the per- 
centage of organic vehicle in the thick-film paste. Simi- 
larly, the porosity of a green-sheet layer can be in- 
creased by increasing the proportion of organic binder. 
Another way of increasing porosity in thick-films and 
green-sheet layers is to disperse within the organic ve- 
hicle, or the organic binder, another organic phase that 
is not soluble in the organic vehicle. Polymer micro- 
spheres can be used advantageously for this purpose. 
[0082] To add electrically conductive pathways, the 
thick film pastes typically include metal particles, such 
as silver, platinum, palladium, gold, copper, tungsten, 
nickel, tin, or alloys thereof. Silver pastes are pretended. 
Examples of suitable silver pastes are silver conductor 
composition numbers 7025 and 7713 sold by E.I. Du 
Pont de Nemours and Company 
[0083] The thick-film pastes are preferably applied to 
a green-sheet layer by screen-printing. In the screen- 
printing process, the thick-film paste is forced through a 
patterned silk screen so as to be deposited onto the 
green-sheet layer in a corresponding pattern. Typically, 
the silk screen pattern is created photographically by ex- 
posure to a mask. 

[0084] In this way, conductive traces may be applied 
to a surface of a green-sheet layer. Additionally, vias 
present in the green-sheet layer may be filled with the 
conductive thick-film paste to provide electrical connec- 
tions between layers. 

[0085] In certain applications it also desirable to add 
glass coatings to the surfaces of green-sheet layers. For 
example, glass coatings provide smooth walls in fluid 
passageways, thereby providing better fluid flow and re- 
ducing contamination problems. Glass coatings can al- 
so serve as barriers between the fluid and green-sheet 
materials that may be reactive or othenvise incompati- 
ble with the fluid. 

[0086] One way of adding a glass coating is by 
screen-printing a thick-film paste containing glass par- 
ticles onto the surface of a green-sheet layer. After lam- 
ination, the thick-film paste is then co-fired with the 
green-sheet layers to form a smooth glass coating sin- 
tered to the surface of the green-sheet layer 



[0087] Another way to achieve a glass coating is by 
using a glass-ceramic green-sheet layer and sintering it 
more aggressively than is typical, i.e., by using a faster 
temperature increase during the sintering step, a higher 

5 final sintering temperature, and a longer sintering time. 
In particular, the viscosity of the glass phase drops 
quickly when the temperature is increased above the 
glass softening point. Consequently, aggressive sinter- 
ing will tend to drive the glass phase from the interior of 

10 the green-sheet layer to its surface, before appreciable 
crystallization with the ceramic phase. In this way, a 
glass coating is fonmed on the surface of the green- 
sheet layer. Suitable glass-ceramic systems include the 
T2000 dielectric tape sold by Motorola, inc. and the 

15 glass-ceramic compositions disclosed in U.S. Patent 
No. 5,821,181, which is incorporated herein by refer- 
ence. 

[0088] For example, the standard sintering parame- 
ters for the Motorola T2000 dielectric tape call for ram- 

20 ping the temperature at a rate of about 5**C per minute 
to reach a final sintering temperature of about 875°C, 
which is then maintained for about 30 minutes. Howev- 
er, to achieve a glass coating, the temperature may in- 
stead be ramped at a rate of about 7°C per minute, or, 

25 alternatively the final sintering temperature may be in- 
creased to about 925'*C. 

[0089] Of course, another way of achieving smooth 
glass walls for fluid passageways is to use glass green- 
sheet layers. 

30 [0090] Many other materials may also be added to 
each green-sheet layer to provide desired functionali- 
ties. For example, optical materials may be added to 
provide optfcal windows. Piezoelectric materials may al- 
so be added to provide piezoelectric members. Themrio- 

35 electric materials maybe added to provide thermoelec- 
tric elements. High magnetic permeability materials, 
such as ferrites, may be added, to provide cores for 
strong electromagnets. Green-sheet materials have a 
great deal of flexibility to accommodate the addition of 

40 dissimilar materials. To ensure that the materials are 
placed reliably in the finished device, it is preferable that 
the materials added to the green-sneet layers are able 
to be co-fired with the green-sheet material, as de- 
scribed below. 

45 [0091 ] After the desired structures are formed in each 
layer of green-sheet, preferably a layer of adhesive is 
applied to either surface of the green-sheet. Preferably, 
the adhesive is a room-temperature adhesive. Such 
room-temperature adhesives have glass transition tem- 

50 peratures below room temperature, i.e., below about 
20° C, so that they can bind substrates together at room 
temperature. Moreover, ratherthan undergoing a chem- 
ical change or chemically reacting with or dissolving 
components of the substrates, such room-temperature 

55 adhesives bind substrates together by penetrating Into 
the surfaces of the substrates. Sometimes such room- 
temperature adhesives are referred to as "pressure- 
sensitive adhesives." Suitable room-temperature adhe- 
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sives are typically supplied as water-based emulsions 
and are available from Rohm and Haas, Inc. and from 
Air Products, Inc. For example, a material sold by Air 
Products. Inc. as 'Flexcryl 1 653" has been foundto work 
well. 

[0092] The room-temperature adhesive may be ap- 
plied to the green-sheet by conventional coating tech- 
niques. To facilitate coating, it is often desirable to dilute 
the supplied pressure-sensitive adhesive in water, de- 
pending on the coating technique used and on the vis- 
cosity and solids loading of the starting material. After 
coating, the room-temperature adhesive is allowed to 
dry. The dried thickness of the film of room-temperature 
adhesive is preferably in the range of 1 to 10 microns, 
and the thickness should be unit onn over the entire sur- 
face of the green-sheet. Film thicknesses that exceed 
15 microns are undesirable. With such thick films of ad- 
hesive voiding or delamination can occur during firing, 
due to the large quantity of organic material that must 
be removed. Films that are less than about 0.5 microns 
thick when dried are too thin because they provide in- 
sufficient adhesion between the layers. 
[00931 Prom among conventional coating techniques, 
spin-coating and spraying are the preferred methods. If 
spin-coating is used, it is preferable to add 1 gram of 
deionized water for every 10 grams of "Flexcryl 1653." 
If spraying is used, a higher dilution level is preferred to 
facilitate ease of spraying. Additionally, when room tem- 
perature adhesive is sprayed on, it is preferable to hold 
the green-sheet at an elevated temperature, e.g., about 
60 to 70° C, so that the material dries nearly instanta- 
neously as it is deposited onto the green-sheet. The in- 
stantaneous drying results in a more uniform and homo- 
geneous film of adhesive. 

[0094] After the room-temperature adhesive has 
been applied to the green-sheet layers, the layers are 
stacked together to form a multilayered green-sheet 
structure. Preferably, the layers are stacked in an align- 
ment die, so as to maintain the desired registration be- 
tween the structures of each layer. When an alignment 
die is used, alignment holes must be added to each 
green-sheet layer. 

[0095] Typically, the stacking process alone is suffi- 
cient to bind the green-sheet layers together when a 
room-temperature adhesive is used. In other words, lit- 
tle or no pressure is required to bind the layers together. 
However, in order to effect a more secure binding of the 
layers, the iayers are preferably laminated together after 
they are stacked. 

[0096] The lamination process involves the applica- 
tion of pressure to the stacked layers. For example, in 
the conventional lamination process, a uniaxial pres- 
sure of about 1 000 to 1 500 psi is applied to the stacked 
green-sheet layers that is then followed by an applica- 
tion of an isostatic pressure of about 3000 to 5000 psi 
for about 10 to 15 minutes at an elevated temperature, 
such as 70"^ C. Adhesives do not need to be applied to 
bind the green*sheet layers together when the conven- 
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tional lamination process is used. 
[0097] However, pressures less than 2500 psi are 
preferable in order to achieve good control over the di- 
mensions of such structures as internal or external cav- 

5 ities and channels. Even lower pressures are more de- 
sirable to allow the formation of larger structures, such 
as cavities and channels. For example, if a lamination 
pressure of 2500 psi is used, the size of well-fomned in- 
ternal cavities and channels is typically limited to no larg- 

10 erthan roughly 20 microns. Accordingly, pressures less 
than 1000 psi are more preferred, as such pressures 
generally enable stmctures having sizes greater than 
about 100 microns to be fonned with some measure of 
dimensional control. Pressures of less than 300 psi are 

15 even more preferred, as such pressures typically allow 
structures with sizes greater than 250 microns to be 
fomned with some degree of dimensional control. Pres- 
sures less than 100 psi, which are referred to herein as 
"near-zero pressures," are most preferred, because at 

20 such pressures few limits exist on the size of internal 
and external cavities and channels that can be fonmed 
in the multilayered structure. 
[0098] The pressure is preferably applied in the lam- 
ination process by means of a uniaxial press. Alterna- 

25 tively, pressures less than about 1 00 psi may be applied 
by hand. 

[0099] As with semiconductor device fabrication, 
many devices may be present on each sheet. Accord- 
ingly, after lamination the multilayered structure may be 

30 diced using conventional green-sheet dicing or sawing 
apparatus to separate the individual devices. The high 
level of peel and shear resistance provided by the room 
temperature adhesive results in the occurrence of very 
little edge delamination during the dicing process. If 

35 some layers become separated around the edges after 
dicing, the layers may be easily re-laminated by apply- 
ing pressure to the affected edges by hand, without ad- 
versely affecting the rest of the device. 
[0100] The final processing step is firing to convert the 

40 laminated multilayered green-sheet structure from its 
"green" state to fomi the finished, substantially mono- 
lithic, multilayered structure. The firing process occurs 
in two important stages as the temperature is raised. 
The first important stage is the binder burnout stage that 

45 occurs in the temperature range of about 250 to 500** 
C, during which the other organic materials, such as the 
binder in the green-sheet layers and the organic com- 
ponents in any applied thick-film pastes, are removed 
from the structure. 

50 [0101 ] In the next important stage, the sintering stage, 
which occurs at a higher temperature, the inorganic par- 
ticles sinter together so that the multilayered structure 
is denslfied and becomes substantially monolithic. The 
sintering temperature used depends on the nature of the 

55 inorganic particles present In the green-sheet. For many 
types of ceramics, appropriate sintering temperatures 
range from about 950 to about 1600'* C, depending on 
the material. For example, for green-sheet containing 
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aluminum oxide, sintering temperatures between 1400 
and 1600° C are typical. Other ceramic materials, such 
as silicon nitride, aluminum nitride, and silicon carbide, 
require higher sintering temperatures, namely 1700 to 
2200° C. For green-sheet with glass-ceramic particles, 
a sintering temperature in the range of 750 to 950° C is 
typical. Glass particles generally require sintering tem- 
peratures in the range of only about 350 to 700° C. Fi- 
nally, metal particles may require sintering temperatures 
anywhere from 550 to 1 700° C, depending on the metal, 
[0102] Typically, the devices are fired for a period of 
about 4 hours to about 12 hours or more, depending on 
the material used. Generally, the firing should be of a 
sufficient duration so as to remove the organic materials 
from the structure and to completely sinter the inorganic 
particles. In particular, polymers are present as a binder 
in the green-sheet and in the room-temperature adhe- 
sive. The firing should be of sufficient temperature and 
duration to decompose these polymers and to allow for 
their removal from the multilayered structure. 
[01031 Typically, the multilayered structure undergoes 
a reduction In volume during the firing process. During 
the binder burnout phase, a small volume reduction of 
about 0.5 to 1 .5% is normally observed. At higher tem- 
peratures, during the sintering stage, a further volume 
reduction of about 14 to 17% is typically observed. 
[0104] As noted above, preferably any dissimilar ma- 
terials added to the green-sheet layers are co-fired with 
them. Such dissimilar materials could be added as thick- 
film pastes or as other green-sheet layers. The benefit 
of co-firing is that the added materials are sintered to 
the green-sheet layers and become integral to the sub- 
stantially monolithic microf luidic device. However, to be 
co-fireable, the added materials should have sintering 
temperatures and volume changes due to firing that are 
matched with those of the green-sheet layers. Sintering 
temperatures are largely material-dependent, so that 
matching sintering temperatures simply requires proper 
selection of materials. For example, although silver Is 
the preferred metal for providing electrically conductive 
pathways, if the green-sheet layers contain alumina par- 
ticles, which require a sintering temperature in the range 
of 1 400 to 1 600° C, some other metal, such as platinum, 
must be used due to the relatively low melting point of 
silver (961 °C). 

[0105] The volume change due to firing, on the other 
hand, can be controlled. In particular, to match volume 
changes in two materials, such as green-sheet and 
thick-film paste, one should match: (1) the particle sizes; 
and (2) the percentage of organic components, such as 
binders, which are removed during the firing process. 
Additionally, volume changes need not be matched ex- 
actly, but any mismatch will typically result in internal 
stresses in the device. But symmetrical processing, 
placing the identical material or structure on opposite 
sides of the device can, to some extent, compensate for 
shrinkage mismatched materials. 
[0106] Too great a mismatch in either sintering tern- 
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peratures or volume changes may result in defects in or 
failure of some or all of the device. For example, the 
device may separate into its individual layers, or it may 
become warped or distorted. 

s [0107] Figure 2 summarizes the aforementioned 
steps, schematically illustrating cross-sections of typical 
layers that would be used to form a multilayered micro- 
fluidic device in accordance with the present invention. 
A first green-sheet layer 50 is provided with a size ap- 

10 propriate for further processing. A room-temperature 
adhesive layer 52 is applied to one surface of green- 
sheet 50. First green-sheet layer 50 is then stacked with 
a second green-sheet layer 54, which has already been 
patterned with an internal channel 56 and an internal 

15 cavity 88. These layers are then stacked with two more 
green-sheet layers 60 and 62, with associated layers of 
room-temperature adhesive 64 and 66, to form the com- 
plete multilayered green-sheet structure 68. Multilay- 
ered green-sheet stmcture 68 is then laminated, as de- 

20 scribed above, and fired to fonm the final substantially 
monolithic structure 70. 

[0108] The use of near-zero pressures, i.e., pressures 
less than 100 psi, for lamination is preferred because it 
allows the integrity of internal structures to be main- 

25 tained, enabling internal channel 56 and internal cavity 
58 fomried in green-sheet layer 54 remain as an internal 
channel 72 and an internal cavity 74, respectively, in the 
final substantially monolithic structure 70. However, oth- 
er lamination processes, including conventional high- 

30 pressure lamination process, could also be used, albeit 
with less control over the dimensions of internal struc- 
tures. 

[0109] The size of the final substantially monolithic 
structure 70 is shown smaller in Figure 2 than the size 

35 of multilayered green-sheet structure 68 to reflect the 
volume reduction that occurs during firing. 
[0110] In accordance with the present invention, not 
every layer of the final multilayered structure needs to 
be laminated at near-zero pressure. For example, layers 

40 that do not contain stmctures or materials that would be 
damaged or defomned by high pressures may be lami- 
nated conventionally, and this resulting structure may 
then be laminated to other green-sheet layers using the 
near-zero pressure lamination technique. 

45 [0111] An example of such a process is shown sche- 
matically in Figure 3. A structure 80, fomied using a con- 
ventional lamination process, a structure 81 , fonned us- 
ing the near-zero pressure lamination process, and a 
structure 82, fomied using a conventional lamination 

50 process, are all to be laminated together. Structure 80 
comprises layers 83, 84, and 85, wherein layer 85 in- 
cludes a via 86. Structure 80 may be formed from any 
conventional lamination process that allows external vi- 
as to be preserved. Structure 81 comprises layers 87 

55 and 88 and was formed using the near-zero pressure 
lamination method of the present invention. Layer 87, in 
turn, includes vias 89, 90, and 91. and a channel 92. 
Structure 82 comprises layers 93-96 and was formed 
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using a conventional high-pressure lannination process. 
To fonm a multilayered structure 97, structures 80, 81 , 
and 82, are then laminated together using the near-zero 
pressure lannination process of the present invention, /. 
e., by applying a layer (not shown) of room-temperature 5 
adhesive to bind structures 80 and 81 and another layer 
(not shown) of room-temperature adhesive to bind 
structure 81 to structure 82. 

[0112] It has been found that proper selection of the 
polymer in the adhesive facilitates the desired near-zero 
pressure lamination process. In particular, if the polymer 
used in the adhesive decomposes at a higher tempera- 
ture than the polymer binder present in the green-sheet 
layers, then the adhesive layer will promote stability of 
the interfaces during the firing process and will promote ^5 
shorter interfacial distances between the inorganic par- 
ticles of the green-sheet layers after completion of bind- 
er burnout. The reduced inter-particle distances facili- 
tate void-free sintering within the tape interfacial regions 
of the multilayered structure. 
[01 13] Preferably, the polymer in the adhesive should 
have a themrial decomposition onset and major decom- 
position profile about 25 to 100" C higher than that of 
the polymer binder in the green-sheet layers. This may 
be achieved by using an adhesive polymerthat is differ- 
ent than the polymer binder. More particularly, it has 
been found that one way to achieve the desired differ- 
ence In themnal decomposition profile is to choose an 
adhesive polymer that undergoes thermal decomposi- 
tion by random scission, rather than by unzipping. The 
unzipping process, which is also referred to as "chain 
depolymerization" or "depropagation," is the successive 
release of monomer units from a chain end or weak link. 
The random scission process, which is also referred to 
as "random degradation," occurs by chain rupture at 
random points along the chain. 
[0114] Polymers that undergo random scission gen- 
erally have a thermal decomposition profile that is ex- 
tended relative to that of polymers that decompose by 
unzipping. Often, the temperature of half decomposi- 
tion, i.e., the temperature at which the weight loss during 
pyrolysis at a constant rate of temperature rise reaches 
50% of its final value, and the temperature of maximum 
rate of decomposition are both about 25 to 1 00° C higher 
for polymers that undergo random scission, as com- 
pared to polymers that undergo unzipping. Moreover, 
the polymer binder of many kinds of green-sheet is pre- 
dominantly an acrylic polymer, an acrylic copolymer, or 
a blend of acrylic polymers and copolymers, all of which 
decompose by unzipping. Accordingly, choosing an ad- 
hesive with a random scission polymer will tend to great- 
ly strengthen the interfacial bond during the firing proc- 
ess. Such random scission polymers include polymers 
and copolymers that have an ethylene main-chain 
group, such as vinyl acetate-ethylene or ethylene-vinyl 
acrylic copolymer. 

[01 1 5] Figure 4 compares the thermal decomposition 
of an ethylene-vinyl acrylic copolymer (designated "PSA 
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vinyl-acrylic copolymer"), which undergoes random 
scission, with an acrylic binder used in green-sheet 
(designated "B60a acrylic binder"), which undergoes 
unzipping, as measured thermogravimetrically (the 
cun^es designated 'TGA") and by differential scanning 
calorimetry (the curves designated "DSC"). As is appar- 
ent from Figure 4, in the temperature range from about 
350 to 400*^ C the acrylic binder undergoes rapid de- 
composition and removal, whereas the room-tempera- 
ture adhesive polymer decomposes much more gradu- 
ally. In fact, in this example at 375** C less than 1 0% of 
the acrylic binder remains, whereas more than 60% of 
the adhesive polymer remains. Accordingly, in this tem- 
perature range the room-temperature adhesive will 
maintain a strong bond between the layers while the 
binder within the green-sheet layers is burned off. 
[0116] Useful multilayered microfluidic devices would 
nomially include, in addition to a fluid passageway, com- 
ponents that enable interaction with the fluid. Such com- 
ponents fall into three broad classes: (1) components 
that facilitate physical, chemical, or biological changes 
to the fluid; (2) components that allow the sensing of 
various characteristics of the fluid; and (3) components 
that control the motion of the fluid. 
[01 17] Each of these component classes will be dis- 
cussed in turn, including how they may be realized in a 
multilayered microfluidic device formed from green- 
sheet layers. With each type of component, it is prefer- 
able that it be fabricated as part of the aforementioned 
processing steps in order to facilitate efficient and cost- 
effective mass-production. It is also preferred that such 
components be co-fired with and sintered to the green- 
sheet layers so as to form a part of the substantially 
monolithic structure of the finished device. 
[0118] Components that cause physical or chemical 
changes to the fluid include components that change the 
temperature of the fluid and components that catalyze 
chemical reactions in the fluid. The simplest component 
for changing the temperature of the fluid is a heater 
[0119] Shown in Figure 5 is a multilayered microfluidic 
device 1 00 in accordance with the present Invention that 
includes a planar heater 102. Multilayered microfluidic 
device 100 is made up of layers 104-114. A cavity 116 
is formed in layer 1 32. Cavity 1 1 6 is in fluid communica- 
tion with the outside by means of vias 1 1 8, 1 20, and 1 22, 
which are formed in layers 104, 106, and 108, respec- 
tively. Cavity 116 is also in fluid communication with the 
outside by means of vias 124, 126, and 128, formed in 
layers 104, 106, and 108, respectively. As shown in 
cross-sectional view in Figure 5, and in plan view in Fig- 
ure 5A, a heater 102 is fomaed by a serpentine trace of 
conductive material deposited on the surface of layer 
114 and has temiinals 130 and 132, Vias 134-142 are 
formed into layers 104-112, respectively, and are filled 
with a conductive material to provide an electrical con- 
duction pathway between temninal 130 and the exterior 
of device 100. Similarly, vias 144-152 are fomried Into 
layers 104-112, respectively, and are filled with a con- 
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ductive material to provide an electrical conduction 
pathway between terminal 132 and the exterior of de- 
vice 100. External components (not shown) can make 
electrical contact with vias 134 and 144. In this config- 
uration, an electrical cun^ent may be applied to heater 
102 so that it maybe used to heat fluid in cavity 116. 
Although heater 1 02 is preferably separated from cavity 
1 1 6 by layer 1 1 2, as shown in Figure 5, heater 1 02 could 
also be placed on the upper surface of layer 112 so as 
to be m direct contact with the fluid in cavity 116. 
[0120] A heater incorporated into a multilayered mi- 
crofluidlc device may also be in the fomn of a coil, in ei- 
ther a vertical or horizontal orientation. Shown in Figure 
6 is part of 

a multilayered microfluidic device 200 that has a vertical 
coil 202 wound around a cavity 204. Device 200 is made 
up of layers 206-21 6. With reference to Figure 6, and to 
Figure 6A, which shows a perspective view of coil 202 
in isolation, coil 202 comprises six horizontal windings 
21 8-228, which are traces of conductive material depos- 
ited on layers 206-216, respectively, that are joined to- 
gether by five conductor-filled vias 230-238 in layers 
208-216, respectively. 

[0121] Shown in Figure 7 is part of a multilayered mi- 
crofluidic device 250 that has a horizontal coil 252 
wound around a channel 254. Device 250 is made up 
of layers 256-264. With reference to Figure?, and to Fig- 
ure 7A, which shows a perspective view of coil 262 in 
Isolation, coil 252 includes six vertical elements 
268-278, each of which comprises stacked conductor- 
filled vias formed in layers 258-262. Vertical elements 
268-278 are interconnected by three lower horizontal el- 
ements 280-284 and three upper horizontal elements 
286-290, arranged in an angular offset from lower ele- 
ments 266-270 Lower elements 280-284 are traces of 
conductive material deposited on layer 256, and upper 
elements 286-290 are traces of conductive material de- 
posited on layer 262. Electrical cun-ent is directed to coil 
252 by means of a lead 292, connected to vertical ele- 
ment 268, and a lead 294, connected to horizontal ele- 
ment 290. Leads 292 and 294 are traces of conductive 
material deposited on layer 262, 
[01 22] Whether the heater is planar, as heater 1 02, in 
the form of a coil, as in coil 202 and 252, for the element 
to operate efficient as a heater, it should have a much 
higher resistance than that of the electrical conduction 
pathway that leads to it. The conductors that make up 
the heater are preferably about 5 mils to 8 mils to in di- 
ameter, while the conductors that lead to the heater are 
preferably about 20 to 30 mils wide. 
[0123] More flexible control of fluid temperature is 
achieved by using additional components. For example, 
shown in Figure 8 is a part of a multilayered microfluidic 
device 300 in accordance with the present invention that 
includes a vertical heater coil 302 wound about a cavity 
304, as well as a thermoelectric cooling element 306. 
Themnoeiectric cooling element 306 includes a thenmo- 
electric element 308, sintered Into one of the layers near 



20 

cavity 304. and a pair of leads 31 0 and 31 2, made up of 
conductive traces deposited on the layers and conduc- 
tor-filled vias. 

[0124] The provision of both heater 302 and cooling 

5 element 306 allows for much better control over the tem- 
perature of the fluid in cavity 304. For example, the abil- 
ity to both heat and cool the fluid in cavity 304 allows 
different processing steps requiring different tempera- 
tures to take place in cavity 304. In particular, themnoe- 

10 lectric cooling element 306 can be used to cool cavity 
304 more rapidly after heater 302 is turned off. As an- 
other example, heater 302 and cooling element 306 can 
be used together, along with a temperature measure- 
ment device (not shown), so as to dynamrcally maintain 

15 the temperature of cavity 304 at a fixed level. 

[0125] Figure 9 shows the structure of a prefen-ed 
themrioelectric element in more detail. A multilayered 
microfluidic device 320 is made up of green-sheet layers 
322-340. A pair of cavities 342 and 344 are fonned in 

20 layer 324. A pair of themnal dispersers 346 and 348 are 
made of silver screen-printed onto the upper surface of 
layer 326, so as to fonn the bottom surface of cavities 
324 and 344. Similarly, a pair of thermal dispersers 350 
and 352 are made of screen-printed silver on layer 338. 

25 A pair of themnoelectric elements 354 and 356 made up 
of a series of interconnected vias that are fomned into 
layers 328-336 and filled with themnoelectric material. 
When current Is applied to them, themnoelectric ele- 
ments 354 and 356 transfer heat from themial dispers- 

30 ers 350 and 352 to thermal dispersers 346 and 348, 
thereby cooling cavities 342 and 344. 
[0126] The thermoelectric material is preferably 
Sio.8Geo.2. that has been doped, either with phosphorus 
to be e-type or with boron to be p-type. This material 

35 may be co-fired with the green-sheet layers at 850" C 
in a reducing atmosphere. 

[0127] Figure 9A shows how the vias are preferably 
interconnected in themnoelectric element 356. Four sets 
of stacked vias 358-364 are filled with e-type thermoe- 

40 lectric material, and another four sets of stacked vias 
366-372 are filled with p-type themnoelectric material. 
The n-type vias 358-363 and p-type vias are intercon- 
nected in series by conductive traces screen-printed on 
layers 328 and 336, as shown in Figure 9A. 

45 [01 28] A thermoelectric element 380 can also be fab- 
ricated In a planar configuration, as shown in Figure 1 0. 
In this configuration, n-type thermoelectric material is 
screen-printed onto a green-sheet layer to define four 
n-type traces 381-384 and p-type themnoelectric mate- 

50 rial Is screen-printed onto the green-sheet layer to de- 
fine four traces 385-388. N-type traces 381 -384 and p- 
type traces 385-388 extend from a heat source 389 to 
a heat sink 390. N-type traces 381 -384 and p-type trac- 
es 385-388 are connected in series, as shown in Figure 

55 1 0, so that when a voltage from a voltage source 391 is 
applied, themnoelectric element 380 transfers heat from 
heat source 389 to heat sink 390. 
[0129] Although themnoelectric elements are typically 
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used for cooling, they can also be used for heating by 
reversing polarity. For exannple, themnoelectric elennent 
308 and heater coll 302 can be used together to heat 
cavity 304. This will often result in nnore uniform heating. 
[0130] Figure 11 , which shows part of a multilayered 
microfluidic device 400 in accordance with the present 
invention, illustrates the important concept of thenmal 
isolation. In particular, different processes occurring si- 
multaneously or near-slmultaneousty in different parts 
of the device may require different temperatures. Ac- 
cordingly, it is often desirable to provide themnal isola- 
tion between different parts of the device so that differ- 
ent temperatures can be maintained. In device 400, a 
vertical heater coil 402 is wound around a cavity 404, 
and an internal cavity 406 is fonmed in a layer below cav- 
ity 404. Cavity 406, which preferably lacks any inlet or 
outlet, is kept empty to provide themial isolation be- 
cause of its low thermal conductivity compared to the 
rest of the device. In addition to empty cavities, thermal 
isolation can be provided by adding layers of low thermal 
conductivity or by adding low thermal conductivity ma- 
terials to the green-sheet layers. 
[0131] Figure 12, which shows a part of a multilayered 
microfluidic device 410 in accordance with the present 
invention, illustrates yet another approach to tempera- 
ture control. Device 410 includes a vertical heater coil 
412 would around a cavity 414 and a series of thermal 
vias 41 6 fomried in the layers below cavity 414. Thermal 
vias 41 6 preferably comprise stacked vias that are filled 
with a high thermal conductivity material, such as the 
pastes used for providing conductive traces, that have 
been sintered to the green-sheet layers. Themaal vias 
41 6 act as heat sinks, facilitating heat exchange with the 
fluid in cavity 414. Thermal vias 416 may extend to the 
outer surface of device 41 0 to be thermally coupled with 
external heating or cooling elements, such as electrical 
heaters, themnoelectric cooling elements, cooling fins, 
or heat exchangers. Thermal vias 41 6 may also provide 
athemrial pathway to intemal components, such as elec- 
trteal heaters and thermoelectric cooling elements. 
[0132] Shown in Figure 13 is a part of a multilayered 
microfluidic device 420, in accordance with the present 
invention. Device 420 includes a vertical heater coil 422 
wrapped around a cavity 424 and a heat exchanger 426. 
Heat exchanger 426 comprises a fluid passageway, 
such as a series of channels and vias, in which a fluid 
flow is directed. At least a portion of heat exchanger 426 
is adjacent to cavity 424 for good thermal contact. Ther- 
mal vias (not shown in Figure 13) may be added be- 
tween heat exchanger 426 and cavity 424 for improved 
heat exchange. In this way, the flow of fluid through heat 
exchanger 426 can serve to either add or remove heat 
from the fluid in cavity 424. thereby raising or lowering 
the temperature of the fluid. 

[0133] Causing chemical changes in the fluid is also 
important in many multilayered microfluidic devices. In 
many cases, a plurality of fluid passageways in the de- 
vice will direct a plurality of fluids together for chemical 



reaction. Alternatively, fluids may be added sequentially 
to a cavity sen/ing as a reaction chamber. 
[0134] Many chemical reactions can also be facilitat- 
ed by heterogeneous catalysts. Such heterogeneous 

5 catalysts are most commonly metals, such as platinum, 
palladium, and rtiodium. Catalysts may be added to mul- 
tilayered microfluidic devices by means of thick-filled 
technology. In this approach, a thick-film paste contain- 
ing particles of the metal (the inorganic phase) dls- 

10 parsed in a binder is applied to a surface of a green- 
sheet, before lamination, at a location that corresponds 
to a cavity or channel in the finished device. During the 
firing step, the fugitive materials are expelled from the 
thick film, leaving behind a thick metal film that is also 

15 sintered to the material of the green-sheet. Shown in 
Figure 14 is a part of a multilayered microfluidic device 
430, in accordance with the present invention. Device 
430 includes layers 432-444. A cavity 446 is fomned in 
layers 436-442, Cavity 446 is connected to a first chan- 

20 nel 448, formed in layer 436, and a second channel 450, 
formed in layer 438. A thick-film heterogeneous catalyst 
452 is sintered to layer 444 within cavity 446. In device 
430, cavity 446 serves as a reaction chamber. A reac- 
tant or reactants flows into cavity 446 from one or both 

25 of channels 448 and 450. The desired chemical reaction 
is induced by catalyst 452, and the reaction product 
flows out of cavity 446 through one or both of channels 
448 and 450. 

[0135] Some reactions may be facilitated by electro- 
30 chemical catalysis. For such applications device 430 
may be fabricated with an electrical lead (not shown) 
extending to catalyst 452 so as to apply a voltage to cat- 
alyst 452. The electrical lead (not shown) may comprise 
a series of screen-printed conductor traces and conduc- 
es tor-filled vias (not shown) in layers 432-444. 

[0136] Preferably, catalyst 452 is highly porous, so as 
to provide a high surface area for chemical reactions. 
Advantageously, the porosity of catalyst 452 can be con- 
trolled by adjusting the composition of the applied thick- 
40 film paste. In a typical thick-film paste, the inorganic 
phase is about 70-90 per cent by weight, and this results 
in a dense thick-film after sintering. However, a more 
porous thick-film can be achieved by reducing the inor- 
ganic phase to about 40-60 per cent by weight. 
45 [0137] Additional control over the porosity of catalyst 
452 can be achieved by adding sub-micron polymer mi- 
crospheres (preferably polystyrene or acrylic) to the 
thick-film paste. The material of the polymer micro- 
spheres should not be soluble in ths binder and is pref- 
50 erably either polystyrene or acrylic. When the thick-film 
paste is deposited, the polymer microspheres are dis- 
persed through the thick-film to define the pores that will 
ultimately be present in the sintered thick-film. During 
the sintering process, the polymer microspheres de- 
55 compose, leaving behind controlled sub-micron pores 
within the sintered thick-film. 
[0138] Causing biological changes in the fluid is also 
important in certain multilayered mterofluldic devices of 
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the present invention. One of the most important of 
these is the process of cell lysing. In this process, the 
walls of the cells present in the subject fluid are ruptured 
to release the cell contents, most notably the DNA. The 
released DNA may then be amplified, by means such 
as PGR or LCR, to provide a large enough sample for 
analysis. Cell lysing may be accomplished in the multi- 
layered microfluldic devices of the present invention by 
chemical means, themrial means, by the application of 
strong electric fields, or by the application of microwave 
energy. In the present invention, cell lysing is preferably 
accomplished by the application of either strong electric 
fields or microwave energy. The microwave approach Is 
most prefered. 

[0139] Chemical cell lysing may be accomplished in 
a multilayered microfluldic device by holding the fluid 
containing the cells in a cavity, such as cavity 24 In de- 
vice 10, shown in Figure 1. The chemicals needed for 
cell lysis may then be introduced into cavity 24 through 
channel 26. Chemicals used for cell lysing include en- 
zymes that digest the cell walls and detergents, such as 
sodium dodecyl sulfate, sodium lauryl sulfate, sarco- 
sine, and Triton X-100. 

[01 40] Thermal cell lysing simply requires heating the 
fluid containing the fluid containing the cells to a suffi- 
cient temperature for a sufficient amount of time. For ex- 
ample, heating the cells at a temperature of 94° C for 
two minutes is typical. Device 700, shown in Figure 21 , 
is suitable to accomplish thennal cell lysing in the mul- 
tilayered microfluldic devices of the present invention. 
Fluid containing the cells is contained in cavity 720, and 
heater 722 applies the heat needed to maintain the tem- 
perature for the desired amount of time, as measured 
by thennal sensor 724. 

[0141] Applying strong electric fields to the f'uid con- 
taining the cells may also be used for cell lysis. Prefer- 
ably, the electric field is a DC field in the range of about 
1 kV/cm to 10 kV/cm. Further information about using 
electric fields for cell lysis is found in S.W. Lee. et al., "A 
Micro Cell Lysis Device," Proceedings of IEEE: MEMS 
98, pp. 443-447 (1998), which is incorporated herein by 
reference. 

[01 42] To use this approach In the present Invention, 
the fluid containing the cells is contained in a cavity to 
which the electric field is applied, preferably by means 
of parallel plates on opposite sides of the cavity. An ex- 
ample is device 570 shown in Figure 18. The fluid con- 
taining the cells may be placed in cavity 572, and the 
electric field may be applied by plates 574 and 576. 
[0143] The most preferred approach is to accomplish 
cell lysing by applying microwave energy. Shown in Fig- 
ure 15 Is a part of a multilayered microfluidic device 460 
that can be used for microwave cell lysing. Device 460 
includes a cavity 462 in which the fluid containing the 
celts is placed. A pair of spaced-apart parallel plate elec- 
trodes 464 and 466 is provided on opposite walls of cav- 
ity 462. Electrodes 464 and 466 are preferably fomned 
by sintering a metat-containing thick-film pas'.e to the 



green-sheet layers. Electrodes 464 and 466 are part of 
an electrical circuit 468 that delivers microwave energy 
to cavity 462. Electrical circuit includes a microwave 
source 470, such as a magnetron or an RF source with 

5 harmonic output, a flow-activated RF switch 472, an RF 
power amplifier 474, and a microwave load 476, such 
as a resistor. Circuit 468 may be made up of external 
components, but, more preferably, the components of 
circuit 468 are made integral to device 460. 

10 [0144] Fluid sensors are another class of important 
components in multilayered microfluidic devices. Fluid 
sensors allow the observation of various characteristics 
of the fluid, including without limitation its level, flow rate, 
temperature, pH, and optical characteristics. 

15 [0145] One such fluid sensor is a capacitive sensor. 
Shown in Figure 16 is a part of a multilayered microflu- 
idic device 500, in accordance with the present inven- 
tion. Device 500 is made up of layers 502 and 512 and 
includes a channel 516, formed in layer 506, through 

20 which fluid is intended to flow. Channel 51 6 is connected 
to a fluid inlet 518 and a fluid outlet 520. Inlet 518 and 
outlet 520 are each defined by stacked vias fornnod in 
layers 502 and 504. A pair of spaced-apart parallel ca- 
pacitor plates 522 and 524 are disposed on the walls of 

25 channel 516. Plates 522 and 524 are preferably fomned 
by screen printing a metal-containing paste on the cor- 
responding surfaces of green-sheet layers 504 and 508, 
respectively. Plates 522 and 524 are then co-fired with 
green-sheet layers 502-512, after these layers have 

30 been stacked and laminated together, to sinter the metal 
in plates 522 and 524 to the material in green-sheet lay- 
ers 504 and 508, respectively. In this way, plates 522 
and 524 become an integral part of device 500. Con- 
ductive leads 526 and 528 provide an electrically con- 

35 ductive pathway from plates 522 and 524, respectively, 
to the upper surface of layer 502, i.e., to the exterior of 
device 500, to allow for electrical connection to external 
components. Conductive leads are defined by a series 
of conductive traces on the surfaces of and conductor- 

40 filled vias in layers 502-51 0. 

[0146] Capacitor plates 522 and 524 define a capac- 
itive sensor that is able to detect the presence or ab- 
sence of fluid in channel 516 by sensing a change In 
capacitance. In particular, the dielectric constant of air 

45 is unity, whereas the dielectric constant of many fluids 
is much higher. For example, aqueous solutions have a 
dielectric constant in the region of 87. Accordingly, the 
introduction of fluid in channel 516 can be detected by 
an Increase in capacitance between capacitor plates 

50 522 and 524. Similariy, when all of the fluid is gone from 
channel 516, the capacitance will have decreased to Its 
starting point. External components (not shown) electri- 
cally connected to leads 526 and 528 can be used to 
measure this capacitance. The external components 

55 (not shown) can also integrate the capacitance meas- 
urements over time so as to detenmine, in conjunction 
with the flow rate, the total amount of fluid that has 
flowed through channel 516. 
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[0147] In the embodiment shown in Figure 16, the 
metal plates 522 and 524 of the capacitlve sensor would 
be in direct contact with the fluid in the channel. How- 
ever, this direct contact is often undesirable because 
certain fluids may react chemically with the metal. Ad* 
ditionally, the metal may not be compatible with many 
fluids containing biological materials. 
[01 48] To obviate chemical reactivity and biocompat- 
ibility limitations, the metal plates of the capacitive sen- 
sor may be spaced away from the channel by one or 
more layers. This approach is shown in Figure 17. Mul- 
tilayered microfluidic device 530 is similarto device 500, 
except that capacitor plates 534 and 536 are each 
spaced away from channel 532 by one layer. 
[01 49] Capacitive sensors can also be used to meas- 
ure fluid levels, such as in cavities that serve as wells 
of fluid. Shown in Figure 18, is a part of a multllayered 
microfluidic device 540 that Is made up of layers 
542-552. A well 554 is fomied in layers 546 and 548. 
Capacitor plates 556 and 558 are adjacent the opposite 
sides of the walls of well 554. Plates 556 and 558 may 
form part of the walls well 554, or they may be spaced 
away from the walls of well 554 so as not to be in direct 
contact with the fluid in well 554. Conductor leads 560 
and 562 provide an electrical conduction path from 
plates 556 and 558, respectively, to the exterior of de- 
vice 540, for connection to external components (not 
shown). Preferably, capacitor plates 556 and 558 each 
comprise conductor filled vias in layers 546 and 548 that 
are stacked together in registration. Preferably, the por- 
tion of each of capacitor plates 556 and 558 in each of 
the layers 546 and 548 comprises a row of v'as, con- 
nected together, running parallel to and substantially the 
length of the adjacent wall of well 554. In this way, ca- 
pacitor plates 556 and 558 each has an area substan- 
tially the same as the area of the adjacent wall of well 
554. As an alternative construction, an area larger than 
well 554 may be punched out from green-sheet layers 
546 and 548 and then filled with conductive paste. This 
conductor-filled area may then be punched out to define 
well 554 with conductive material remaining on opposite 
sides to define capacitor plates 556 and 558. 
[01 50] Well 554 is intended to contain fluid at a certain 
level. The level of the fluid in well 554 can be sensed by 
measuring the capacitance between plates 556 and 
558. The higher the measured capacitance, the higher 
the fluid level. 

[0151] An alternate design is shown in Figure 19. A 
multllayered microfluidic device 570 includes a well 572, 
and capacitor plates 574 and 576 located adjacent the 
top and bottom of well 572, respectively. Plates 574 and 
576 may comprise part of the top and bottom walls of 
well 572, or they may be spaced away, such as by one 
or more layers, so as not to be in direct contact with the 
fluid in well 572. 

[0152] Many fluids, such as ionic solutions, are con- 
ductive, so that their presence or absence in channels 
and wells can be detected by resistive sensors. Such 



resistive sensors comprise a pair of conductors that ex- 
tend into a channel or cavity so that conductive fluid can 
complete an electrical circuit between them. 
[0153] Shown in Figure 20 is part of a multllayered mi- 

5 crofluidic device 600 that is made up of layers of 
602-612. A well 613 Is formed in layers 606 and 608. 
Deposited on the surface of layer 610 are conductors 
61 4 and 61 6, each of which forms part of the bottom wall 
of well 613 so as to be in direct contact with any fluid in 

10 well 61 3. A series of stacked conductor-filled vias in lay- 
ers 602-606 define leads 618 and 620, connected to 
conductors 614 and 616, respectively. Leads 618 and 
620 extend to the exterior of device 600 so as to allow 
electrical connection to extemal components (not 

15 shown) for measuring the resistance between conduc- 
tors 614 and 616. When no fluid is present in well 613, 
a very high resistance, i.e., an "open circuit" resistance, 
will exist between conductors 614 and 616. However, 
when conductive fluid Is present in the well, cun-ent is 

20 able to flow between conductors 61 4 and 61 6 to provide 
a resistance that Is lower than this "open circuit" resist- 
ance. In this way, conductors 614 and 616 comprise a 
resistive sensor able to sense the presence or absence 
of conductive fluid In well 613, 

25 [0154] Alternate configurations are also available for 
the resistive sensor. Shown in Figure 21 is a multllay- 
ered microfluidic device 630, having a well 632, in which 
conductors 634 and 636 form part of the walls of oppo- 
site sides of well 632. Conductors 634 and 636 may be 

30 fonned by any of the methods described with respect to 
the fabrication of capacitor plates 556 and 558 in multi- 
layered microfluidic device 540, provided that conduc- 
tors 634 and 636 are able to directly contact fluid in well 
632. 

35 [0155] Another possible resistive sensor construction 
Is shown in Figure 1 6. In particular, capacitor plates 522 
and 524 can also be used as the two conductors of a 
resistive sensor to sense the presence of conductive flu- 
id In channel 522. 

40 [0156] The presence or absence of fluid can also be 
detected by an Inductive sensor. An Inductive sensor is 
preferably m the form of a coil wound around a channel 
or cavity. For example, vertical coll 202, wound around 
cavity 204, as shown in Figures 6 and 6A, and horizontal 

45 coil 252, wound around channel 254, as shown in Figure 
7 and 7A, can serve as inductive sensors. Inductive sen- 
sors sense fluid by sensing changes in inductance. Most 
fluids have a magnetic permeability that differs only very 
little from that of air. As a result, the presence of such 

50 fluids by themselves is difficult to detect using inductive 
sensors. However, high permeability materials may be 
added to the fluids to make them easier to detect. Such 
high pemieabllity materials preferably take the fonn of 
magnetic microspheres. Such magnetic microspheres 

55 are typically not pennanent magnets, but rather they are 
paramagnetic. The paramagnetic material is typically an 
iron oxide. Such magnetic microspheres typically have 
sizes in the range of 0.1 to 10 microns. The paramag- 
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netic material In the microspheres Is preferably coated 
with or well dispersed in a polymer to render the micro- 
spheres nonreactive and biocompatible. Examples of 
magnetic microspheres suitable for use In the multilay- 
ered microfluidic devices of the present invention in- 
clude catalog codes MC03N and MC05N,sotdby Bangs 
Laboratories, Inc. of Fishers, Indiana. 
[01 57] The surfaces of magnetic microspheres can al- 
so be used to interact with components of the fluid. For 
example, magnetic microspheres can provide surfaces 
on which chemical reactions can take place. Additional- 
ly, the structure and composition of the surfaces of mag- 
netic microspheres can be controlled so that specific 
chemical and biological substances will bind to them. 
For example, DNA molecules can be attached to mag- 
netic microspheres. The size of magnetic microspheres 
used to provide chemical reaction surfaces or binding 
sites is typically in range of 0.2 to 3 microns. The struc- 
ture and application of magnetic microspheres is further 
described in Bob Sinclair, "To Bead or Not to Bead: Ap- 
plications of Magnetic Bead Technology," The Scientist, 
vol. 12, no. 13 (June 22, 1998), which is incorporated 
herein by reference. 

[0158] For inductive sensing, the magnetic micro- 
spheres are added to the fluid introduced into the mul- 
tilayered microfluidic device to give the fluid a high mag- 
netic penneability. In this way, the presence or absence 
of fluid can be detected as changes In Inductance. For 
example, coil 202 can be used to sense the fluid level 
In cavity 204. Specifically, with no fluid, and, thus, no 
magnetic microspheres present In cavity 204, the in- 
ductance of coil 202 will be relatively low. However, as 
the fluid level of cavity 204 rises, the number of magnetic 
microspheres in cavity 204 also rises, thereby increas- 
ing the inductance of coil 202. Similarly, changes in the 
inductance of coll 252 can be used to sense the pres- 
ence or absence of fluid flowing through channel 254. 
[0159] The multilayered microfluidic devices of the 
present invention may also include temperature sensors 
for measuring the temperature of the fluid. In many cas- 
es, the temperature sensor would be used in conjunc- 
tion with a heater for control of the heating process. 
Shown in Figure 22 is part of a multilayered microfluidic 
device 700, in accordance with the present invention. 
Device 700 is made up of layers 702-718. A cavity 720 
Is formed in layers 702-71 0, and a heater coil 722 is 
wound around cavity 720. One way of measuring the 
temperature of fluid in cavity 720 is by calculating the 
resistance of heater coll 722, based on the voltage and 
current applied to it. However, this method of fluid tem- 
perature measurement is likely to be inaccurate be- 
cause of large differences between the tempe^^ature of 
heater coil 722 and the fluid. 

[0160] A separate temperature sensor 724 provides 
a much more accurate measurement of the fluid tem- 
perature. As shown in Figures 21 and 21 A, temperature 
sensor 724 is a trace of conductive material deposited 
on the upper surface of layer 712. Temperature sensor 



724 preferably defines a spiral. Preferably, temperature 
sensor 724 Is formed by screen printing a metal contain- 
ing paste on green-sheet layer 71 2 that is then sintered 
to the material of layer 71 2 when device 700 is fired. The 

5 conductive material of temperature sensor 724 should 
have resistance that varies with temperature that is well- 
characterized. Tenninals 726 and 728, which are also 
preferably screen printed on and sintered to layer 712, 
are provided at the ends of temperature sensor 724. 

10 Leads 730 and 732, which are defined by a series of 
conductor traces and conductor-filled vias In layers 
702-71 6, electrically connect terminals to the exterior of 
device 700. In this way, external components (not 
shown) may be used to apply a current to temperature 

15 sensor 724 via leads 730 and 732. The temperature of 
the fluid in cavity 720 can then be detemnlned from the 
resistance of temperature sensor 724. 
[0161] Temperature sensor 724 can be made even 
more accurate by using it in a four lead configuration, 

20 as shown in Figure 22A. Accordingly, it is preferable to 
provide two additional leads, leads 734 and 736, that 
are electrically connected to temperature sensor 724 at 
junctions 738 and 740. In this configuration, leads 730 
and 732 apply a known cun-ent, while leads 734 and 736 

25 measure the voltage drop between junction 738 and 
740. The resistance, and, thus, the temperature, may 
then be calculated from the applied current and the 
measured voltage. 

[0162] As shown in Figure 22, layer 712 defines the 
30 bottom of cavity 720. Temperature sensor 712 would 
thus be In direct contact with any fluid in cavity 720. How- 
ever, in applications where the material of temperature 
sensor 724 can react with, or is othenwise incompatible 
with, the fluid in cavity 720, temperature sensor 724 may 
35 also be spaced away from cavity 720 by one or more 
layers. For example, temperature sensor 724 could be 
located on the upper surface of layer 71 4 Instead of layer 
712. 

[0163] As many chemical and biochemical reactions 

40 depend on the pH environment, pH sensors can also be 
important components in the multilayered microfluidic 
devices of the present invention. Using thick-film tech- 
nology, pH sensors can be sintered into channels and 
wells to sense the pH of the fluid there. Shown in Figure 

45 23 is part of such a multilayered microfluidic device that 
Is made up of green-sheet layers 802-814. A first fluid 
passageway 81 6 is defined by layers 802-806, a second 
fluid passageway 81 8 is defined by layer 808, and a cav- 
ity is defined by layers 806812. A thick-film pH sensor 

50 822 is sintered to layer 814 and is located at the bottom 
of cavity 820. Thick-film pH sensor 822 comprises a lay- 
er of sensitive glass 824 on top of and sintered to a metal 
electrode 826. Both sensitive glass layer 824 and metal 
electrode 826 are preferably applied using thick-film 

55 technology. The thick film paste used to fonm sensitive 
glass layer 824 may be made by mixing sensitive pow- 
ders, preferably having particle sizes in the range of 10 
to 20 microns, in an organic binder. The sensitive pow- 
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ders are typically mixtures of Li20, CaO, and/or Na20. 
with Si02. Using-this composition, pH sensor 822 may 
be Integrated with green-sheet layer 814 by sifitering at 
a temperature of approximately 950' C. Further infor- 
mation regarding such thick-film pH sensors Is found In s 
J.H. Liu, et al., "Study of thick-film pH sensors." Sensors 
and Actuators S, 13-14 (1993), p. 566567, which Is in- 
corporated herein by reference. 
[0164] An electrical lead 828, preferably defined by a 
metal trace on layer 814 and metal-filled vias in layers io 
802-S12, provides an electrically conductive pathway 
from electrode 826 to the outside of device 800. In this 
way, pH sensor 822 is sensitive to hydrogen ions 
present in the fluid contained In cavity 820 and. In com- 
bination with a reference electrode (not shown) external 
to device 800, pH sensor 822 may be used to measure 
the pH of the fluid In cavity 820. 
[0165] Altematively, the reference needed for pH 
measurement can be provided by the multilayered mi- 
crofluidic device itself. As shown in Figure 24, a multi- 
layered microfluidic device 830, having a thick-film pH 
sensor 832 disposed in an internal cavity, 834 is provid- 
ed with an external well 836 containing a reference so- 
lution. An external reference electrode 838 may be 
placed in the reference solution in external well 836 for 
pH measurement in combination with pH sensor 832. 
[01 66] Preferably, the reference electrode is integrat- 
ed with the device. This approach is shown in Figure 25. 
A multilayered microfluidic device 840, made up of 
green-sheet layers 842-854, includes a measurement 
cavity 856, defined by layers 846-852, and a reference 
cavity 858, defined by layers 846-848. A thick-film pH 
sensor 860 is sintered to layer 854, so as to be located 
at the bottom of measurement cavity 856, and a thick- 
film reference electrode 862 is sintered to layer 850, so 
as to be located at the bottom of reference cavity 858. 
Electrical leads 864 and 866, connect pH sensor 860 
and reference electrode 862, respectively, to the outside 
of device 840 to allow electrical connection to external 
components (not shown). A reference solution may be 
added to reference cavity 858 to provide a reference for 
the pH measurement of fluid in cavity 856 by pH sensor 
862. In this way, the number of external components 
(not shown) needed for pH is minimized. 
[0167] Another important fluid sensing capability is 
the capability to sense the optical characteristics of the 
fluid in the channels and cavities of the device. In par- 
ticular, the presence of certain chemical or biological 
substances in the fluid can be detected by observing the 
fluid's optical absorption at one or more wavelengths or 
by observing the extent to which the fluid emits light, 
such as through fluorescence, at one or more wave- 
lengths. This approach can be used to monitor the 
progress of chemical reactions in the fluid. Such optical 
sensing requires materials, located between the chan- 
nel or cavity containing the fluid, and the exterior of the 
device, that are optically transparent. As used herein, 
"optically transparent" and "optically transmisslve" 



means being able to transmit visible and/or ultraviolet 
light. 

[0168] One way of providing optical transparency is 
by providing a layer of an optically transmisslve material 
on top of multiple opaque layers of green-sheet. For ex- 
ample, shown in Figure 26 is part of a multilayered mi- 
crofluidic device 900 made up of an optically transmis- 
slve layer 901 on top of opaque layers 902-907. A chan- 
nel 908 is formed in layer 903, and a cavity 909 is formed 
in layers 902-904. Optically transmissive layer 901 can 
be made of glass, quartz, fused silica, a polymer, or any 
other material transparent in the desired range of wave- 
lengths. Preferably, optically transmissive layer 901 is 
formed from a green-sheet, containing glass particles, 
that has been co-fired with layers 902-907 and. thereby, 
sintered to opaque layer 902. Altematively. optically 
transmissive layer 901 can be attached after layers 
902-907 are fired, such as by means of an adhesive. 
Preferably, the adhesive is a UV-polymerizable adhe- 
sive, such as Loctite 3492, sold by Loctite Corp., Hart- 
ford, Connecticut. However, other acrylic or urethane- 
based adhesives can be used. In the case where opti- 
cally transmissive layer 901 is a polymer, it may also be 
attached by compression bonding or melt bonding. 
[0169] As shown in Figure 26. optically transmissive 
layer 901 provides optical access to cavity 909. Chem- 
ical reactions occurring in cavity 909 may be monitored 
optically, such as to detemnine when the reaction begins 
or when the reaction ends. Alternatively, fluid may be 
fed into cavity 909 from channel 908 merely for optical 
measurement. 

[0170] The preferred optical sensing technique in- 
volves detecting the fluorescence of fluid in cavity 909. 
In this approach , source light at a first wavelength Is ap- 
plied to the fluid in cavity 909, through optically trans- 
missive layer 901. The presence of fluorescent light, 1. 
e., light at a second wavelength, emitted from the fluid 
in cavity 909 through layer 901 is then monitored. Fluo- 
rescent tagging molecules can be added to the fluid to 
facilitate this technique. 

[0171] Alternatively, the intensity of the source light 
scattered from the fluid In cavity 909, through layer 901 , 
may be measured so as to measure the absorptance or 
optical density of the fluid. 

[01 72] Optical techniques can also be used to monitor 
different parts of the device simultaneously. Shown In 
Figure 27, is part of a multilayered microfluidic device 
910 that includes an optically transmissive layer 912 
overlaying a plurality of cavities 91 4-922 fomned into an 
opaque layer 924. Optically transmissive layer 91 2 pro- 
vides optical access to each of cavities 91 4-922. Advan- 
tageously, chemical reactions may be run in parallel in 
cavities 914-922 and optically monitored simultaneous- 
ly through optically transmissive layer 912. 
[0173] Optical access can also be provided by filling 
vias with optically transmissive materials. In particular, 
vias may be filled with a thick-film paste that is optically 
transmissive after firing, such as thick-film pastes that 
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contain glass particles. The filled vias are then fired with 
the rest of the device to provide optical vias, I.e., vias 
that do not allow the passage of fluid but are optically 
transmissive. 

[0174] Alternatively, optical vias can be provided by 

filling the vias, such as by screen-printing, after the de- 
vice is fired. The screen-printed materials in this ap- 
proach preferably include acrylic or acrylic-urethane 
monomers that are then polymerized either themrially or 
by exposure to ultra-violet light to form optically trans- 
missive polymers. 

[0175] Shown in Figure 28 is part of a muttilayered mi- 
crofluidic device 930 made up of opaque layers 
931-937. A channel 938 is fomned in layer 934, and a 
cavity 939 is fonned in layers 933-936. Vias 940 and 
941 , which are filled with an optically transmissive ma- 
terial, are fomned into layers 931 and 932, respectively, 
so as to be aligned together. In this way stacked vias 
940 and 941 provide optical access to fluid in cavity 939 
from the top of device 930. A third via 942, filled with an 
optically transmissive material, may also be formed into 
layer 937 so as to provide optical access to fluid In cavity 
939 from the bottom of device 930. Preferably, vias 940, 
941, and 942 are all aligned together. In this way, light 
can pass directly through vias 940, 941 , and 942, as well 
as any fluid in cavity 939, to allow for better measure- 
ment of the optical absorption of the fluid. 
[01 76] Filled vias can also be combined with optically 
transmissive layers, as shown In Figure 29. In multilay- 
ered microfluidic device 950, an opaque layer 951 sep- 
arates an optically transmissive layer 952 from a chan- 
nel 952. Vias 954-956 are formed in layer 951 and are 
filled with an optically transmissive material. This ar- 
rangement allows the fluid to be optically sensed at dif- 
ferent points in channel 953, such as to monitor the flow 
of the fluid through channel 953. 
[01 77] Horizontal optical access can also be provided 
in the multllayered microfluidic devices of the present 
invention. This may be accomplished by screen printing 
a thick-film paste that becomes optically transmissive 
after firing onto the surface of one of the green-sheet 
layers before the layers are laminated and fired. Alter- 
natively optical fibers may be laminated between the 
green-sheet layers and then co-fired with the rest of the 
device. 

[0178] Shown in Figure 30 is part of a multilayered mi- 
crofluidic device 960 made up of opaque layers 

961- 967, in which a cavity 968 is formed in layers 

962- 964. An optical fiber 969. Laminated between and 
sintered to layers 962 and 963, extends from the outer 
surface of device 960 to cavity. In this way, optical fiber 
969 provides optical access to fluid in cavity 968. In the 
fabrication of device 960, it may be desirable to emboss 
channels into layers 962 and 963 before lamination In 
order to better accommodate optical fiber 969. 
[0179] Shown in Figure 31 Is part of a multilayered mi- 
crofluidic device 970 made up of opaque layers 
971-977. in which a cavity 978 is fonmed in layers 



972-974. Stacked vias 979 and 980. fonned into layers 
971 and 972, respectively, are filled with an optically 
transmissive material sintered to layers 971 and 972, 
such as may be provided by filling vias 979 and 980 with 

5 a thick-film paste containing glass particles. An optically 
transmissive trace 981 extends from filled via 980 to 
cavity 978. In this way, filled vias 979 and 980 and op- 
tically transmissive trace 981 provide optical access to 
fluid in cavity 978. Preferably, trace 981 is fonned by 

10 depositing a thick-film paste, containing an optically 
transmissive material such as glass particles, onto the 
surface of green-sheet layer 973. 
[0180] The third broad category of important compo- 
nents in the multilayered microfluidic devices of the 

15 present invention are components that control the mo- 
tion of fluid or of components of the fluid. Included in this 
category are components that can serve as "pumps" by 
inducing fluid motion through channels. 
[0181] Such pumping of fluids can be accomplished 

20 using electroosmotic pumping, which is suitable for con- 
ductive fluids, and electrohydrodynamic pumping, 
which is suitable for non-conductive fluids. Electroos- 
motic pumping of conductive fluid through a channel re- 
quires the application of an electric field, typically in the 

25 range of 100 to 500 volts per centimeter, across the 
length of the channel. Electroosmotic pumping is de- 
scribed in more detail in Andreas Manz, et al., "Elec- 
troosmotic Pumping and Electropheretic Separations 
for Miniaturized Chemical Analysis Systems," Journal 

30 of Micromechanical Microengineering, vol. 4, pp. 
257-265 (1994), which is incorporated herein by refer- 
ence. 

[0182] Shown in Figure 32, is part of a multilayered 
microfluidic device 1 000, In accordance with the present 

35 invention, for perfonning electroosmotic pumping. De- 
vice 1 000 is made up of layers 1 001 -1 006. A cavity 1 007 
is fonned in layers 1001-1006 A first channel 1008 is 
formed in layer 1006, and a second channel 1009 is 
formed in layer 1 007. A pair of electrodes 1010 and 1011 

40 are spaced along the length of channel 1 008. Electrodes 
1010 and 1011 are preferably defined by conductor- 
filled vias formed into layer 1002. Conductor leads 1012 
and 1013 extend from electrodes 1010 and 1011, re- 
spectively, to the exterior of device 1000 for electrical 

45 connection to external components (not shown). In this 
way, the voltage required for electroosmotic pumping 
can be applied to electrodes 1010 and 1011 . When this 
voltage is applied, fluid may be pumped through channel 
1008 into cavity 1007. 

50 [0183] Electrohydrodynamic pumping of relatively 
non-conductive fluids is preferably achieved by applying 
a traveling electric field along a fluid channel. For exam- 
ple, phase shifted voltage pulses may be applied se- 
quentially to a series of electrodes spaced along the fluid 

55 channel. This approach is described in detail in G. Fuhr, 
"Pumping of Water Solutions in Microfabricated Eletro- 
hy6ro6y(\am\c Sysiems** Micro Electro Mechanical Sys- 
tems '92 (Feb. 4-7, 1992), pp. 25-20, which is incorpo- 
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rated herein by reference. 

[01 84] Figure 33 shows schematically how electrohy- 
drodynamic pumping may be achieved in the multilay- 
ered microfluidic devices in accordance with the present 
invention. Shown in Figure 33 is a first green-sheet layer 

1014 (shown as partially cut away), in which a channel 

1015 is formed, and a second green-sheet layer 1015. 
A series of electrodes 1017-1024 are provided on the 
upper surface of green-sheet layer 1016 straddling 
channel 1 01 5, Preferably, electrodes 1 01 7-1 024 are de- 
fined by conductive traces screen-printed and sintered 
into green-sheet layer 1016. Electrodes 1017-1024 are 
preferably evenly spaced, and the width of each of elec- 
trodes 1017-1 024 are preferably substantially the same. 
To achieve electrohydrodynamic pumping, voltage puls- 
es may be applied to each of electrodes 1017-1 024 with 
a predetemnlned phase difference between each suc- 
cessive electrode. Thus, for example, the phase of the 
voltage pulses applied to electrodes 1 01 7 and 1 021 may 
be the same, with the phase of the voltage puises var- 
ying continuously between the intennediate electrodes, 
1018-1 020. Preferably, the voltage pulses have a peak 
voltage m the range of 1 00 to 300 volts, and a frequency 
in the range of 1 00 kHz to 30 MHz. The spacing between 
electrodes is preferably about 200 microns. By applying 
voltage pulses in this way, fluid may be pumped through 
channel 1015. 

[0185] The motion of piezoelectric members that are 
Integrated into the multilayered microfluidic devices of 
the present invention can also be used to pump fluids. 
Such piezoelectric members are preferably made out of 
a ceramic material, preferably a lead zirconate titanate 
(PZT) material. 

[01 86] The P2T may be added to the green-sheet lay- 
ers in one of several different ways. The PZT may be 
fired first and then added to a cavity provided in an un- 
fired green-sheet layer. In this approach, the PZT may 
be secured in place by means of an adhesive, and elec- 
trodes may be provided for the piezoelectric member by 
applying a conductive epoxy. Preferably, the PZT is co- 
fired with and sintered to the green-sheet layers so as 
to become an integral part of the device. For example, 
the PZT material can be cast as a ceramic green-sheet 
layer and then laminated and fired with the other green- 
sheet layers. Altematively, the PZT material may be 
added to cavities in the unfired green-sheet layers as a 
thick-film paste. In either approach, electrodes may be 
provided on the piezoelectric members by screen print- 
ing metal-containing thick film pastes onto them. In this 
way, the PZT material, electrodes, and green-sheet lay- 
ers may all be co-fired. After firing, the PZT is poled by 
applying an electric field, typically greater than 2000 V/ 
mm, by means of the electrodes deposited on it. The 
electrodes used for poling the PZT may be either the 
same as or different from the electrodes used for poling 
It. 

[0187] PZT materials are a broad class of ceramic 
materials that can contain a wide variety of chemical 



components, but they all contain lead as a major com- 
ponent zirconate titanate of the fomn Pb(Zri.xTlx)03 
where x can range from zero to one. Suitable sintering 
temperatures for this material are typically in the range 

5 of 1 200** C to 1 300° C. However, a lower sintering tem- 
perature is required in order to co-fire this with many 
green-sheet materials. In particular, because the melt- 
ing point of the preferred metallization material, silver, 
is only 961° C, the PZT materials used in the present 

10 invention preferably have a sintering temperature below 
this temperature. To lower the sintering temperature of 
PZT, various dopants may be added to it. For example, 
the sintering temperature of PZT may be lowered to 
940" C by the addition of 2.0 mol. % Zn2+, added as 

15 ZnO, and 3.0 mol. % Li''+, added as LigCOa. Further de- 
tails about this approach are provided by Z. Gui, et al., 
"Influence of Additives on Sintering Processing and 
Properties of HiRh Perfomriance Piezoelectric Ceram- 
ics," Solid State Phenomena, v. 25 & 26, pp. 309-316 

20 (1992), which is incorporated herein by reference. 
[0188] More preferably, the sintering temperature of 
PZT may be lowered even further, to about 900° C, as 
described in U.S. Patent No. 5,792,379, which is incor- 
porated herein by reference. In this approach, the PZT 

25 composition is characterized by 94.0 to 99.4 percent by 
weight lead zirconate titanate, 0.1 to 1.0 per cent by 
weight manganese dioxide, and 0.5 to 5.0 per cent by 
weight glass additive having the formula wBgOg - xBigOg 
- yMeO - zCuO, wherein Me is selected from the group 

30 consisting of Ca, Sr, Ba, and Zn. Additionally, w + x + y 
+ z = 1 , where w ranges from 0.01 tc 0.1 5, x ranges from 
zero to 0.80, y ranges from zero to 0.60, and z ranges 
from zero to 0.55. 

[01 89] Shown in Figure 34 is part of a multilayered mi- 

35 crofluidic device 1030, in accordance with the present 
invention, that is provided with one type of piezoelectric 
pumping. Device 1030 Is made up of layers 1032-1044, 
of which layers 1036 and 1038 are made out of a pie- 
zoelectric material and the other layers are formed from 

40 green-sheet containing non-piezoelectric materials. A 
channel 1 046 is formed in layer 1 038. An electrode 1 048 
is fornied on the upper surface of piezoelectric layer 
1036, and a series of electrodes 1050-1056 Is fomned 
on the lower surface of piezoelectric layer 1036. Simi- 

45 lariy, an electrode 1 062 is fonned on the lower surface 
of piezoelectric layer 1040 and a series of electrodes 
1 060-1 066 are formed on the upper surface of piezoe- 
lectric layer 1040. Electrically conductive leads (not 
shown), Integral to device 1030, connect electrodes 

50 1 048-1 066 to the exterior of device 1 030, so that exter- 
nal components (not shown) can apply voltages to the 
electrodes. Preferably, the voltages applied to elec- 
trodes 1 050-1 056 and to 1 060-1 066 are timed so as to 
set up a surface acoustic wave. In particular, the parts 

55 of the piezoelectric layers 1 034 and 1 040 in contact with 
electrodes 1050-1056 and 1060-1066, respectively, al- 
ternately contract and relax in a coordinated fashion so 
as to draw fluid through channel 1038. 
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[0190] Shown in Figure 35 is a part of multilayered mt- 
crofluidic device 1070, in accordance with the present 
invention, that is provided with another type of piezoe- 
lectric pumping. Device 1070 is nnade up of layers 
1072-1086. Of these layers, layers 1076 and 1082 are, 
in part, made out of a piezoelectric material, thereby de- 
fining piezoelectric members 1077 and 1083. A cavity 
1 088 is fonned In layers 1 074-1 084. Connected to cavity 
1088 are an inlet channel 1090, formed in layer 1076, 
and an outlet channel 1092, fonmed in layer 1082. Pie- 
zoelectric members 1077 and 1083 can operate in two 
different ways to pump fluid from inlet channel 1 076 Into 
cavity 1 088 and to pump fluid out of cavity 1 088 through 
outlet channel 1092. In one mode of operation, mem- 
bers 1 077 and 1 083 alternately bend (either in the plane 
of the paper or perpendicularly to the plane of the paper) 
and relax in a coordinated fashion to draw fluid in from 
channel 1090 and to push fluid out into channel 1082. 
In another mode of operation, members 1 077 and 1 083 
alternately elongate and contract in a coordinated fash- 
ion to move the fluid. Piezoelectric members 1077 and 
1 083 are provided with electrodes (not shown) in the ap- 
propriate locations to perfomn these operations. 
[01 91 J Fluid pumps can also be based on the manip- 
ulation of magnetic beads. As noted above, magnetic 
microspheres can be added to the fluid in multilayered 
microf luidic devices, and certain chemical and biological 
substances can also be bound to the magnetic micro- 
spheres. Because the magnetic microspheres are par- 
amagnetic, they preferably move to areas of magnetic 
flux density. Accordingly, electromagnets can be used 
to manipulate magnetic microspheres. The manipula- 
tion of magnetic microspheres, in turn, allows control 
over the placement and movement of the substances 
bound to them. As the magnetic microspheres move, 
they can also drag the sun-ounding fluid along them, 
thereby causing fluid flow. 

[0192] Shown in Figure 36 is part of a multilayered mi- 
crof luidic device 1200 in accordance with the present 
invention for electromagnetic manipulation of magnetic 
microspheres. Device 1200 is made up of green-sheet 
layers 1202-1216 and includes a channel 1218 formed 
in layer 1204. A pair of electromagnets 1220 and 1222 
are aligned generally perpendicularly to channel 1218 
so as to direct magnetic flux into channel 1218. Electro- 
magnet 1220 Is provided with a vertical coil 1224, de- 
fined by a series of conductive traces and conductor- 
filled vias in layers 1206-1216, Preferably, a core 1226 
of high magnetic pemieability material is placed within 
vertical coil 1224. The structure of electromagnet 1222 
is similar to that of electromagnet 1220 
[0193] Core 1226 is most conveniently defined by 
stacked vias in layers 1206-1214 that have been filled 
with the high permeability material. If the high permea- 
bility material of core 1 226 is incompatible with the fluids 
that would flow through channel 1218, then core 1226 
may be set back from channel 1 21 8 by one or more lay- 
ers. The high pemieability material preferably includes 



a ferrite material, such as Fe304, MnFe204, or 
CoFe204. The ferrite may also be combined with glass 
frit. Suitable ferrite materials are SKI ferrite paste MPS 
#220, a thick-film paste containing ferrite materials, and 

5 SKI Green Tape, In whfch ferrite materials have been 
cast into a green-sheet, which are sold by Scrantom En- 
gineering, Inc. of Costa Mesa, California. These com- 
mercially available materials may be sintered at a tem- 
perature in the range of 850-950^ C so as to integrate 

10 core 1226 with the rest of the device. 

[0194] By applying cunrent to electromagnet 1220 
and/or electromagnet 1222, magnetic microspheres 
present in the fluid In channel 1218 may be moved 
around or held in place, as may be desired. For exam- 

15 pie, with electromagnet 1222 off and electromagnet 
1220 on, the magnetic microspheres will be drawn to- 
wards electromagnet 1220 and may be held in place 
there. Electromagnet 1222 may then be fumed on and 
electromagnet 1 220 turned off, thereby causing the pre- 

20 viously-held magnetic microspheres to move toward 
electromagnet 1222. In this way, magnetic micro- 
spheres may be moved along channel 1 21 8. According- 
ly, chemical or biological substances may be moved 
along channel 1218 in this way by binding them to the 

25 magnetic microspheres. The motion of magnetic micro- 
spheres can also drag fluid along them. In this way, elec- 
tromagnets 1220 and 1222 maybe used to pump fluid 
through channel 1218. For fluid pumping, larger mag- 
netic microspheres, i.e., those with sizes greater than 

30 about 5 microns, are preferred. 

[0195] Although Figure 36 shows only two electro- 
magnets adjacent a channel, it is to be understood that 
a greater number of electromagnets may also be used 
to move microspheres through a channel. This motion 

35 is typically achieved by energizing the electromagnets 
sequentially, as described above. Electromagnets may 
also be used to move magnetic microspheres, and, 
thus, to pump fluid, into and out of cavities. 
[0196] An alternate configuration is shown in Figure 

40 37, which shows part of a multilayered microfluidic de- 
vice 1230 in accordance with the present invention. De- 
vice 1230 is made up of layers 1232-1240, with a chan- 
nel 1242 fonned in layer 1236. Wound about channel 
1242 are first and second horizontal coils 1244 and 

45 1246. Coil 1244 and 1246 are advantageously con- 
structed out of a series of conductor traces and metal- 
filled vias in layers 1234-1240. Preferably, a material 
having a high magnetic permeability, such as a ferrite 
material, is Incorporated into layers 1234 and 1238, 

50 which are adjacent to channel 1242. Coils 1244 and 
1246 may be energized sequentially to move magnetic 
microspheres through channel 1242. For example, 
when coil 1244 is on and coil 1246 is off, magnetic mi- 
crospheres will be drawn to coil 1244. Then, when coil 

55 1244 is turned off and coil 1246 is fumed on, the mag- 
netic microspheres will move from coil 1 244 to coil 1 246. 
[01 97] Electromagnets can also be used for mixing or 
stirring fluids, which are very important processes in ml- 
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crofluidic devices. For example, the mixing of reactants 
is useful for promoting their chemical reaction. Stinging 
fluids also helps to achieve temperature uniformity and 
thermal equilibrium. When working with fluids contain- 
ing magnetic microspheres, stirring is useful to promote 
dispersement of the microspheres through the fluid. 
However, because of the small dimensions of channels 
and wells in typical microfluidic devices, most fluid flow 
is laminar. Because mixing of fluids occurs primarily by 
diffusion in the laminar regime, efficient mixing is difficult 
to achieve unless a turbulent flow is developed. 
[0198] Shown schematically in Figure 38 is part of a 
multilayered microfluidic device made up of layers 1302- 
1322. A cavity 1325 is fomied in layers 1306- 1312. 
Channels 1 326 and 1 328, connected to cavity 1 325, are 
formed in layer 1308. Electromagnets 1330 and 1332 
arefomnedin layers 1314-1322. Preferably, electromag- 
nets 1330 and 1332 each include a vertical coil, defined 
by a series of conductive traces and metal-filled vias, 
wound around a ferrite core that has been sintered into 
the green-sheet layers. A magnetic stirring bar 1334, 
which interacts with electromagnets 1330 and 1332, is 
disposed in cavity 1325. Although only two electromag- 
nets are shown in Figure 38, preferably at least four 
electromagnets are used to control stirring bar 1334. 
Shown schematically in Figure 39 is a top view of layer 
1314. Four electromagnets 1330-1333 are arranged 
symmetrically underneath cavity 1325. 
[0199] In this configuration, magnetic stirring bar 1 334 
may be rotated by "rotating" the current supplied to elec- 
tromagnets 1330-1333. For example, increasing the 
current to electromagnets 1330 and 1332, while de- 
creasing the electric current to electromagnets 1331 
and 1333, causes magnetic stirring bar 1334 to rotate 
so as to align itself with electromagnets 1 330 and 1332. 
Then, decreasing the current to electromagnets 1330 
and 1332, while increasing the electric current to elec- 
tromagnets 1331 and 1333, causes magnetic stinging 
bar 1334 to rotate so as to align itself with electromag- 
nets 1331 and 1333. Causing magnetic stirring bar 1334 
to rotate In this way creates turtDulent flow in the fluid in 
cavity 1325, thereby effecting good mixing. 
[0200] Magnetic stirring bar 1334 may be added to 
cavity 1325, before layers 1302 and 1304 are applied, 
using conventional "pick-and-place" manufacturing 
equipment. Additionally, magnetic stirring bar 1334 
should be larger than channels 1 326 and 1 328, so that 
after device 1300 has been fired, magnetic stirring bar 
1334 will remain trapped within cavity 1325. 
[0201] Another important class of components for 
controlling the motion of the fluid comprise components 
that act as valves. Because of the very small dimensions 
of typical channels in the multilayered microfluidic de- 
vices of the present invention, the interaction of the fluid 
with the walls of the channels becomes a very significant 
effect. Thus, valves may be conveniently provided as 
capillary stops in the fluid passageway. A capillary stop 
typically comprises a discontinuity or non-unlfonnity In 



the fluid passageway, which, because of the capillary 
action of the fluid, substantially blocks the flow of fluid 
at low pressures, but which allows the flow of fluid at 
higher pressures. 

5 [0202] One of the simplest structures that can act as 
a capillary stop is a discontinuity comprising an abrupt 
and substantial change in channel size. This type of dis- 
continuity is often temned a capillary break. Shown in 
Figure 40, is a layer 1500 in part of a multilayered mi- 

10 crofluidic device, which layer includes a capillary break 
1502. Specifically, capillary break 1502 is the disconti- 
nuity where a narrow channel 1 504 joins a wide channel 
1506. For example, narrow channel 1504 may be 5 mils 
wide, and wide channel 1506 may be 15 mils wide. 

15 [0203] Capillary break 1 502 functions in the following 
way. When fluid is introduced into wide channel 1506 at 
a low pressure, capillary action substantially prevents 
the fluid from flowing into narrow channel 1 504. Howev- 
er, when the pressure applied to the fluid in wide channel 

20 1 506 exceeds a threshold value, the capillary action of 
the fluid at capillary stop 1502 becomes insufficient to 
hold the fluid back, with the result that fluid then flows 
into narrow channel 1504. 

[0204] Capillary stops may also take the form of dis- 

25 continuities in the surface energy of the walls of the fluid 
passageways. In particular, most of the glass, glass-ce- 
ramic, and ceramic materials commonly used in green- 
sheet layers are hydrophilic. However, hydrophobic ma- 
terials may be applied to the surfaces of the fluid pas- 

30 sageways to define hydrophobic regions within the fluid 
passageways. Such hydrophobic materials may include 
organo-silicon compounds and titanate and silane cou- 
pling agents. However, because such materials have a 
low decomposition temperature, they typically cannot 

35 be co-fired with the rest of the device, 

[0205] The preferred hydrophobic materials are cer- 
tain hydrophobic glass-ceramic materials, as these may 
be co-f Ired with and sintered to the green-sheet layers 
to provide hydrophobic regions within the fluid passage- 

40 ways. The preferred hydrophobic glass-ceramic mate- 
rials contain the humite mineral norbergite 
(Mg2Si04MgF2) as a major crystal phase and are de- 
scribed in U.S. Patent No. 4,118,237, which is incorpo- 
rated herein by reference. Thick-film pastes containing 

45 particles of these hydrophobic glass-ceramic materials 
may be added to fluid passageways by screen printing 
to define hydrophobic regions. 
[0208] Shown in Figure 41 is part of a multilayered mi- 
crofluidic device 1600 made up of layers 1602-1612. A 

50 channel 1 61 4 is fomned in layer 1 606, a fluid inlet 1616 
comprises stacked vias formed into layers 1602 and 
1604, and a fluid outlet 1618 also comprises stacked 
vias formed into layers 1602 and 1604. A hydrophobic 
region 1620 is disposed in channel 1614. Hydrophobic 

55 region 1620 is preferably formed by screen printing a 
thick-film paste containing a hydrophobic glass-ceramic 
material onto layer 1608 before lamination and then co- 
firing it, so that the hydrophobic material Is sintered to 
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layer 1608. 

[0207] Hydrophobic region 1620 acts as a capillary 
stop. When fluid is applied to channel 1614 from fluid 
inlet 1 61 6 at a low pressure, the fluid does not flow past 
hydrophobic region 1620 because of the discontinuity s 
in surface energy. However, if the pressure applied to 
the fluid exceeds a threshold value, then the fluid is able 
to flow past hydrophobic region 1 620 and out fluid outlet 
1618. 

[0208] By using a pair of opposing hydropliobic re- io 
glons in a channel, an even better capillary stop capa- 
bility may be provided. For example, shown in Figure 42 
is part of a muttilayered microfluidic device 1 630 having 
achannel1632, In which a pair of opposing hydrophobic 
regions 1634 and 1636 is disposed. Hydrophobic re- is 
gions 1634 and 1636 are preferably fomned by screen 
printing a hydrophobic glass-ceramic containing thick- 
film paste onto layers 1638 and 1640, which define the 
bottom and top walls of channel 1632, respectively. 
[0209] Hydrophobic regions may also be provided in 20 
vertical channels. Shown in Figure 43 is part of a multi- 
layered microfluidic device 1650 fomned from layers 
1652-1662. A vertical channel 1664 is formed in layers 
1 652-1 6S6. and a horizontal channel 1666 is formed in 
layer 1658. A hydrophobic region 1668, comprising a 25 
hydrophobic material sintered to layer 1654, encircles 
part of vertical channel 1 664 to provide a capillary stop. 
[0210] The method of forming hydrophobic region 
1668 is shown schematically in Figure 44. Initially, an 
oversized via 1 702 is formed in green-sheet layer 1 654. 30 
Via 1 702 is filled, such as by screen printing, with a thick- 
film paste 1 704. Thick-film paste 1 704 contains particles 
of a hydrophobic glass-ceramic material dispersed in a 
precursor binder. The precursor binder may be polym- 
erized, either themrially, by the application of a temper- 35 
ature in the range of 60 to 75° C, or by exposure to UV 
light. Preferably, the precursor binder contains acrylic 
co-monomers. The polymerization of the precursor 
binder solidifies the thick-film paste to provide a hydro- 
phobic plug 1 706 within green-sheet layer 1 654, A via 40 
1708 is then formed through hydrophobic plug 1706. 
Layer 1 654 is then laminated with the other layers and 
fired. As a result of firing, hydrophobic plug 1706 be- 
comes hydrophobic region 1668 sintered to layer 1654, 
and via 1 708 defines part of vertical channel 1 664. 
[021 1 ] It is to be understood that the several views of 
the muttilayered microfluidic devices of the present in- 
vention provided herein are Intended to illustrate indi- 
vidually certain components that may be included in a 
working device. Accordingly, the multllayered microflu- so 
idic devices of the present i nventlon may include various 
combinations and an^angements of the basic compo- 
nents shown herein, depending on the particular appli- 
cations of the device. 

[0212] Moreover, although various embodiments S5 
have been shown and described herein, it should be un- 
derstood that various modifications and substitutions, 
as well as rean^angements and combinations of the pre- 
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ceding embodiments, can be made by those skilled in 
the art, without departing from the novel spirit and scope 
of this invention. 

Embodiments 

[0213] 

1 . A multilayered microfluidic device comprising: 

a substantially monolithic structure fomned from 
a plurality of green-sheet layers sintered to- 
gether, said green-sheet layers including parti- 
cles selected from the group consisting of ce- 
ramic particles, glass particles, and glass-ce- 
ramic particles; 

said substantially monolithic structure having a 
fluid passageway defined therein, said fluid 
passageway having an inlet port for receiving 
fluid, an outlet port for releasing fluid, and an 
interconnection between said inlet port and 
said outlet port; and 

said substantially monolithic structure having 
an electrically conductive pathway defined 
therein, said electrically conductive pathway in- 
cluding a thick-film portion fomned by sintering 
a thick-film paste to at least one of said green- 
sheet layers. 

2. The multilayered microfluidic device of embodi- 
ment 1 , wherein said thick-film portion of said elec- 
trically conductive pathway includes a conductive 
trace sintered to one of said green-sheet layers, 
said conductive trace being fomned by depositing 
said thick-film paste in a predetemiined pattern onto 
a surface of said one of said green-sheet layers, 

3. The multilayered microfluidic device of embodi- 
ment 1 , wherein said thick-film portion of said elec- 
trteally conductive pathway includes a conductor- 
filled via sintered to one of said green-sheet layers, 
said conductor-filled via being formed by filling said 
thick-film paste into a via in said one of said green- 
sheet layers. 

4. The multilayered microfluidic device of embodi- 
ment 1 , wherein at least a portion of said electrically 
conductive pathway defines a heater for heating a 
portion of said fluid passageway. 

5. The multilayered microfluidic device of embodi- 
ment 4, wherein said heater defines a coll wound 
around said portion of said fluid passageway. 

6. The multilayered microfluidic device of embodi- 
ment 1 , wherein at least a portion of said electrically 
conductive pathway defines a thenmoelectric ele- 
ment. 
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7. The multilayered microfluidic device of embodi- 
ment 1 , further comprising themnai isolation means 
for reducing heat exchange between said portion of 
said fluid passageway and another portion of said 
device. 5 

8. The multilayered microfluidic device of embodi- 
ment 7, wherein said themnal isolation means in- 
cludes a cavity defined by said plurality of green- 
sheet layers. 

9. The multilayered microfluidic device of embodi- 
ment 1, further comprising means for providing a 
high themrial conductivity pathway to said portion of 
said fluid passageway. 

10. The multilayered microfluidic device of embod- 
iment 1 , further comprising a heat exchanger for ex- 
changing heat with said portion of said fluid pas- 
sageway, said heat exchanger including a second 20 
fluid passageway defined by said plurality of green- 
sheet layers. 

11 . The multilayered microfluidic device of embod- 
iment 1 , further comprising a heterogeneous cata- 25 
lyst disposed in said fluid passageway. 

12. The multilayered microfluidic device of embod- 
iment 11, wherein said heterogeneous catalyst is 
formed by sintering a thick-film paste to at least one 30 
of said green-sheet layers. 

13. The multilayered microfluidic device of embod- 
iment 1 , wherein at least a portion of said electrically 
conductive pathway defines a capacitor. 35 

14. The multilayered microfluidic device of embod- 
iment 13, wherein said capacitor Includes a portion 
of said fluid passageway, whereby said capacitor 
has a capacitance substantially dependent on the ^0 
dielectric constant and volume of fluid in said por- 
tion of said fluid passageway. 

15. The multilayered microfluidic device of embod- 
iment I, wherein said electrically conductive path- ^5 
way includes a first lead in contact with said fluid 
passageway at a first location and a second lead in 
contact with said fluid passageway at a second lo- 
cation, whereby the electrical resistance between 
said first lead and said second lead is substantially so 
dependent on the conductivity and volume of fluid 
between said first location and said second loca- 
tion. 

1 6. The multilayered microfluidic device of embod- 55 
iment 1 , wherein at least a portion of said electrically 
conductive pathway defines an inductor. 



17. The multilayered microfluidic device of embod- 
iment 16, wherein said inductor is adjacent to a por- 
tion of said fluid passageway, whereby said inductor 
has an inductance substantially dependent on the 
magnetic pemneability and volume of fluid in said 
portion of said fluid passageway. 

18. The multilayered microfluidic device of embod- 
iment 17, wherein said inductor defines a coil 
wound around said portion of said fluid passage- 
way. 

19. The multilayered microfluidic device of embod- 
iment 1 , wherein at least a portion of said electrically 
conductive pathway defines a temperature sensor. 

20. The multilayered microfluidic device of embod- 
iment 1 9, wherein said temperature sensor is adja- 
cent to a portion of said fluid passageway. 

21 . The multilayered microfluidic device of embod- 
iment 20, wherein said temperature sensor includes 
a material having a resistance substantially de- 
pendent on temperature, whereby ^id temperature 
sensor senses the temperature of fluid in said por- 
tion of said fluid passageway. 

22. The multilayered microfluidic device of embod- 
iment 1 , further comprising a pH sensor disposed 
in said fluid passageway, said pH sensor being con- 
nected to said electrically conductive pathway. 

23. The multilayered microfluidic device of embod- 
iment 22, wherein said pH sensor includes an elec- 
trode layer sintered to one of said green-sheet lay- 
ers and a glass layer sintered to said electrode lay- 
er. 

24. The multilayered microfluidic device of emood- 
iment 23, wherein said electrode layer is formed 
from a thick-film paste containing metal particles 
and said glass layer is formed from a thick-film 
paste containing glass particles. 

25. The multilayered microfluidic device of embod- 
iment 1 , wherein said substantially monolithic struc- 
ture includes an optically transmissive portion. 

26. The multilayered microfluidic device of embod- 
iment 25, wherein said optically transmissive por- 
tion provides external optical access to a portion of 
said fluid passageway. 

27. The multilayered microfluidic device of embod- 
iment 25, wherein said optically transmissive por- 
tion is formed from at least one of said plurality of 
green-sheet layers, said at least one of said plurality 
of green-sheet layers Including glass particles. 
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28. The multilayered microfluidic device embod- 
iment 25, wherein said optically transmissive por- 
tion includes a glass-filled via sintered into one of 
said green-sheet layers, said glass-filled via being 
formed by filling a via in said one of said green-sheet s 
layers with a thick-film paste containing glass par- 
ticles. 

29. The multilayered microfluidic device of embod- 
iment 25, wherein said optically transmissive por- 
tion includes a polymer-filled via, said polymer-filled 
via being f omned by filling a via in one of said green- 
sheet layers with a material that polymerizes into an 
optically transmissive polymer. 

15 

30. The multilayered microfluidic device of embod- 
iment 25, wherein said optically transmissive por- 
tion includes an optical fiber. 

31 . The multilayered microfluidic device of embod- 20 
iment 25, wherein said optically transmissive por- 
tion includes an optically transmissive trace sin- 
tered to a surface of one of said green-sheet layers, 
said optically transmissive trace being formed by 
depositing a thick-film paste containing glass parti- 25 
cles onto said surface of said one of said green- 
sheet layers. 

32. The multilayered microfluidic device of embod- 
iment 1 , further comprising means for pumping fluid 30 
through a portion of said fluid passageway. 

33. The multilayered microfluidic device of embod- 
iment 1 , wherein a portion of said electrically con- 
ductive pathway defines an electroosmotic pump 35 
for pumping fluid through a portion of said fluid pas- 
sageway 

34. The multilayered microfluidic device of embod- 
iment 33, wherein said electroosmotic pump in- 40 
dudes a first electrode in contact with said portion 

of said fluid passageway at a first location and a 
second electrode In contact with said portion of said 
fluid passageway at a second location. 

45 

35. The multilayered microfluidic device of embod- 
iment 1 . wherein a portion of said electrically con- 
ductive pathway defines an electrohydrodynamic 
pump for pumping fluid through a portion of said flu- 
id passageway. 

36. The multilayered microfluidic device of embod- 
iment 35, wherein said electrohydrodynamic pump 
includes a plurality of substantially evenly spaced 
electrodes in contact with said portion of said fluid ss 
passageway. 

37. The multilayered microfluidic device of embod- 



iment 1 , further comprising a piezoelectric pump for 
pumping fluid through a portion of said fluid pas- 
sageway, said piezoelectric pump including at least 
one piezoelectric member in contact with said fluid 
passageway. 

38. The multilayered microfluidic device of embod- 
iment 37, wherein said piezoelectric pump Includes 
a pair of piezoelectric members in contact with said 
fluid passageway, said pair of piezoelectric mem- 
bers having electrodes thereon for developing a co- 
operative motion for pumping fluid through said por- 
tion of said fluid passageway. 

39. The multilayered microfluidic device of embod- 
iment 38, wherein said cooperative motion is a sur- 
face acoustic wave. 

40. The multilayered microfluidic device of embod- 
iment 38, wherein said cooperative motion is a 
bending motion. 

41 . The multilayered microfluidic device of embod- 
iment 38, wherein said cooperative motion is a lon- 
gitudinal motion. 

42. The multilayered microfluidic device of embod- 
iment 1, wherein a portion of said electrically con- 
ductive pathway defines an electromagnet for di- 
recting a magnetic field into a portion of said fluid 
passageway. 

43. The multilayered microfluidic device of embod- 
iment 42, wherein said electromagnet further com- 
prises a core sintered into at least one of said green- 
sheet layers, said core being composed of a mate- 
rial having a high magnetic permeability. 

44. The multilayered microfluidic device of embod- 
iment 42, wherein said electromagnet defines a coil 
wound around said portion of said fluid passage- 
way. 

45. The multilayered microfluidic device of embod- 
iment 44, wherein said coil is wound around a ma- 
terial having a high magnetic penneabllity, said ma- 
terial being sintered to at least one of said green- 
sheet layers. 

46. The multilayered microfluidic device of embod- 
iment 1 , wherein said fluid passageway includes a 
capillary stop, whereby said capillary stop substan- 
tially blocks the flow of fluid at low pressures but 
allows the flow of fluid at high pressures. 

47. The multilayered microfluidic device of embod- 
iment 46, wherein said capillary stop comprises an 
abrupt and substantial change in channel size. 
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48. The multilayered microfluidic device of embod- 
iment 46, wherein said capillary stop comprises a 
hydrophobic region within said fluid passageway. 

49. The multilayered microfluidic device of embod- 5 
iment 48, wherein said hydrophobic region is 
formed by sintering a thick-film paste to at least one 

of said green-sheet layers. 

50. The multilayered microfluidic device of embod- io 
iment 49, wherein said thick-film paste contains par- 
ticles of a hydrophobic glass-ceramic material. 

51 . The multilayered microfluidic device of embod- 
iment 1 , wherein said substantially monolithic struc- ^5 
ture includes a glass coating defining the walls of at 
least a portion of said fluid passageway. 

62. The multilayered microfluidic device of embod- 
iment 51 , wherein said glass coating Is formed by 
sintering a thick-film paste to at least one of said 
green-sheet layers, said thick-film paste containing 
glass particles. 

53. The multilayered microfluidic device of embod- 25 
iment 51 , wherein at least one of said green-sheet 
layers includes glass-ceramic particles, and where- 
in said glass coating is formed by sintering said at 
least one green-sheet layer so that glass is driven 
from the Interior of said at least one green-sheet lay- 30 
er to the surface of said at least one green-sheet 
layer. 

54. A multilayered microfluidic device comprising: 

35 

a substantially monolithic structure formed from 
a plurality of green-sheet layers sintered to- 
gether, said green-sheet layers including parti- 
cles selected from the group consisting of ce- 
ramic particles, glass particles, and glass-ce- 40 
ramie particles; 

said substantially monolithic structure having a 
fluid passageway defined therein, said fluid 
passageway having an inlet port for receiving 
fluid, an outlet port for releasing fluid, and an 45 
Interconnection between said inlet port and 
said outlet port; and 

a fluid sensor for sensing fluid in a portion of 
said fluid passageway, said fluid sensor being 
sintered to at least one of said plurality of green- so 
sheet layers so as to be Integral with said sub- 
stantially monolithic structure. 

55. The multilayered microfluidic device of embod- 
iment 54, wherein said fluid sensor includes a ca- ss 
pacltive sensor. 

56. The multilayered microfluidic device of embod- 



iment 55. wherein said capacitlve sensor includes 
a first conductive plate on a first side of said portion 
of said fluid passageway and a second conductive 
plate on a second side of said portion of said fluid 
passageway, said first conductive plate being sub- 
stantially parallel to said first conductive plate, 
whereby said capacitive sensor has a capacitance 
substantially dependent on the dielectric constant 
and volume of fluid in said portion of said fluid pas- 
sageway. 

57. The multilayered microfluidic device of embod- 
iment 54, wherein said fluid sensor includes a re- 
sistive sensor. 

58. The multilayered microfluidic device of embod- 
iment 57, wherein said resistive sensor includes a 
first lead in contact with said portion of said fluid 
passageway at a first location and a second lead in 
contact with said portion of fluid passageway at a 
second location, whereby said resistive sensor has 
a electrical resistance between first lead and said 
second lead, said resistance being substantially de- 
pendent on the conductivity and volume of fluid be- 
tween said first location and said second location. 

59. The multilayered microfluidic device of embod- 
iment 54, wherein said fluid sensor includes an in- 
ductive sensor. 

60. The multilayered microfluidic device of embod- 
iment 59, wherein said Inductive sensor includes a 
coil adjacent to said portion of said fluid passage- 
way, whereby said inductive sensor has an induct- 
ance substantially dependent on the magnetic per- 
meability and volume of fluid in said portion of said 
fluid passageway. 

61 . The multilayered microfluidic device of embod- 
iment 59, wherein said inductive sensor includes a 
coll wound around said portion of said fluid pas- 
sageway. 

62. The multilayered microfluidic device of embod- 
iment 54, wherein said fluid sensor includes a tem- 
perature sensor. 

63. The multilayered microfluidic device of embod- 
iment 62, wherein said temperature sensor includes 
a material having a resistance substantially de- 
pendent on temperature, whereby said temperature 
sensor senses the temperature of fluid in said por- 
tion of said fluid passageway. 

64. The multilayered microfluidic device of embod- 
iment 54, wherein said fluid sensor includes a pH 
sensor disposed in said portion of said fluid pas- 
sageway. 
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65. The multilayered microfluidic device of embod- 
iment 64, wherein said pH sensor includes an elec- 
trode layer sintered to one of said green-sheet lay- 
ers and a glass layer sintered to said electrode lay- 
er. 5 

66. The multilayered microfluidic device of embod- 
iment 65, wherein said electrode layer is fomned 
from a thick-film paste containing metal particles 
and said glass layer is formed from a thick-film io 
paste containing glass particles. 

67. A multilayered microfluidic device comprising: 

a substantially monolithic structure fonned from 15 
a plurality of green-sheet layers sintered to- 
gether, said green-sheet layers includ'ng parti- 
cles selected from the group consisting of ce- 
ramic particles, glass particles, and glass-ce- 
ramic partfcles; 

said substantially monolithic structure having a 
fluid passageway defined therein, said fluid 
passageway having an inlet port for receiving 
fluid, an outlet port for releasing fluid, and an 
interconnection between said inlet port and 25 
said outlet port; and 

a fluid motion transducer for converting electri- 
cal energy into fluid motion in a portion of said 
fluid passageway, said fluid motion transducer 
being sintered to at least one of said plurality of 30 
green-sheet layers so as to be integral with said 
substantially monolithic structure. 

68. The multilayered microfluidic device of embod- 
iment 67, wherein said fluid motion transducer in- 35 
eludes an electromagnet for directing a magnetic 
field into said portion of said fluid passageway. 

69. The multilayered microfluidic device of embod- 
iment 68, wherein said electromagnet injiudes a 40 
core composed of a material having a high magnet- 
ic permeability. 

70. The multilayered microfluidic device of embod- 
iment 68, wherein said electromagnet defines a coil ^5 
wound around said portion of said fluid passage- 
way. 

71 . The multilayered microfluidic device of embod- 
iment 67, wherein said fluid motion transducer in- so 
eludes an electroosmotic pump. 

72. The multilayered microfluidic device of embod- 
iment 71, wherein said electroosmotic pump in- 
cludes a first electrode in contact with said portion ss 
of said fluid passageway at a first location and a 
second electrode In contact with said portion of said 
fluid passageway at a second location. 



73. The multilayered microfluidic device of embod- 
iment 67, wherein said fluid motion transducer in- 
cludes an electrohydrodynamic pump. 

74. The multilayered microfluidic device of embod- 
iment 73, wherein said electrohydrodynamic pump 
includes a plurality of substantially evenly spaced 
electrodes in contact with said portion of said fluid 
passageway. 

75. The multilayered microfluidic device of embod- 
iment 67, wherein said fluid motion transducer in- 
cludes a piezoelectric member in contact with said 
fluid passageway. 

76. The multilayered microfluidic device of embod- 
iment 75, wherein said fluid motion transducer in- 
cludes a pair of piezoelectric members In contact 
with said fluid passageway, said pair of piezoelec- 
tric members having electrodes thereon for devel- 
oping a cooperative motion for pumping fluid 
through said portion of said fluid passageway. 

77. The multilayered microfluidic device of embod- 
iment 76, wherein said cooperative motion is a sur- 
face acoustic wave. 

78. The multilayered microfluidic device of embod- 
iment 76, wherein said cooperative motion is a 
bending motion. 

79. The multilayered microfluidic device of embod- 
iment 76, wherein said cooperative motion is a lon- 
gitudinal motion. 

80. A multilayered microfluidic device comprising: 

a substantially monolithic structure formed from 
a plurality of green-sheet layers sintered to- 
gether, said green-sheet layers including parti- 
cles selected from the group consisting of ce- 
ramic particles, glass particles, and glass-ce- 
ramic particles; 

said substantially monolithic structure having a 
fluid passageway defined therein, said fluid 
passageway having an inlet port for receiving 
fluid, an outlet port for releasing fluid, and an 
interconnection between said inlet port and 
said outlet port; and 

said substantially monolithic structure having 
an optically transmissive portion providing ex- 
ternal optical access to a portion of said fluid 
passageway. 

81. The multilayered microfluidic device of embod- 
iment 80, wherein said optically transmissive por- 
tion is fonned from at least one of said plurality of 
green-sheet layers, said at least one of said plurality 
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of green-sheet layers including glass particles. 

82. The multilayered microfluidic device of embod- 
iment 80, wherein said optically transmissive por- 
tion includes an glass-filled via sintered Into one of s 
said green-sheet layers, said glass-filled via being 
formed by filling a via in said one of said green-sheet 
layers with a thick-film paste containing glass par- 
ticles. 

10 

83. The multilayered microfluidic device of embod- 
iment 80, wherein said optically transmissive por- 
tion includes a polymer-filled via, said polymer-filled 
via being fomied by filling a via in one of sa^d green- 
sheet layers with a material that polymerizes into an '5 
optically transmissive polymer. 

84. The multilayered microfluidic device of embod- 
iment 80, wherein said optically transmissive por- 
tion Includes an optical fiber. 20 

85. The multilayered microfluidic device of embod- 
iment 80, wherein said optically transmissive por- 
tion includes an optically transmissive trace sin- 
tered to a surface of one of said green -sheet layers, 25 
said optically transmissive trace being formed by 
depositing a thick-film paste containing glass parti- 
cles onto said surface of said one of said green- 
sheet layers. 

30 

86. A multilayered microfluidic device comprising: 

a substantially monolithic structure formed from 
a plurality of green-sheet layers sintered to- 
gether, said green-sheet layers Including parti- 35 
cles selected from the group consisting of ce- 
ramic particles, glass particles, and glass-ce- 
ramic particles; 

said substantially monolithic structure having a 
fluid passageway defined therein, said fluid 40 
passageway having an inlet port for receiving 
fluid, an outlet port for releasing fluid, and an 
interconnection between said inlet port and 
said outlet port, said fluid passageway includ- 
ing a cavity for holding cells; and ^5 
said substantially monolithic structure including 
means for lysing cells in said cavity. 

87. The multilayered microfluidic device of embod- 
iment 86, wherein said means for lysing cells In- so 
dudes a channel for introducing lysing chemicals 
into said cavity, said lysing chemicals being able to 
lyse cells In said cavity chemically. 

88. The multilayered microfluidic device of embod- 55 
iment 86, wherein said means for lysing cells in- 
cludes means for heating said cavity to a predeter- 
mined temperature for a predetemnined time, said 



a predetemnined temperature and predetemnined 
time being sufficient to lyse cells in said cavity. 

89. The multilayered microfluidic device of embod- 
iment 86, wherein said means for lysing cells in- 
cludes a pair of opposing electrodes for applying an 
electric field to said cavity, said electric field being 
sufficient to lyse cells in said cavity. 

90. The multilayered microfluidic device of embod- 
iment 86. wherein said means for lysing cells in- 
cludes a pair of opposing electrodes for applying mi- 
crowave energy to said cavity, said microwave en- 
ergy being sufficient to lyse cells in said cavity. 

91 . A method for making a multilayered microfluidic 
device, said method comprising the steps of: 

texturing a plurality of green-sheet layers in a 
first predetemnined pattern, said green-sheet 
layers including particles selected from the 
group consisting of ceramic particles, glass 
particles, and glass-ceramic particles, said first 
predetemnined pattern defining a fluid passage- 
way; 

applying a thick-film paste to said green-sheet 
layers in a second predetermined pattern, said 
second predetemnined pattern defining a fluid- 
interacting component; and 
sintering said green-sheet layers together at a 
predetemnined temperature for a predeter- 
mined amount of time to fomn a substantially 
monolithic structure, said substantially mono- 
lithic structure having said fluid passageway 
and said fluid-interacting component defined 
therein. 

92. The method of embodiment 91 , wherein said flu- 
id-interacting component includes a heater. 

93. The method of embodiment 91 , wherein said flu- 
id-interacting component includes a themnoelectric 
element. 

94. The method of embodiment 91 , wherein said flu- 
id-interacting component includes a heterogeneous 
catalyst disposed in said fluid passageway. 

95. The method of embodiment 91 , wherein said flu- 
id-interacting component includes a capacitive sen- 
sor for sensing fluid in said fluid passageway. 

96. The method of embodiment 91 , wherein said flu- 
id-interacting component includes a resistive sen- 
sor for sensing fluid in said fluid passageway. 

97. The method of embodiment 91 , wherein said flu- 
id-interacting component includes an inductive sen- 
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sorfor sensing fluid in said fluid passageway. 

98. The method of embodiment 91 . wherein said flu- 
id-interacting component includes a temperature 
sensor. 5 

99. The method of embodiment 9 1 , wherein said flu- 
id-interacting component includes a pH sensor dis- 
posed in said fluid passageway. 

10 

100. The method of embodiment 91, wherein said 
fluid-interacting component includes an electroos- 
motic pump. 

101 . The method of embodiment 91 , wherein said is 
fluid-Interacting component includes an electrohy- 
drodynamic pump. 

102. The method of embodiment 91 , wherein said 
fluid-interacting component includes a piezoelectric 20 
member. 

103. The method of embodiment 91 , wherein said 
fluid-interacting component Includes an electro- 
magnet. ^5 

104. The method of embodiment 91 , wherein said 
thick-film paste includes particles of a metal. 

1 05. The method of embodiment 91 , wherein said 30 
thick-film paste includes particles of a themnoelec- 

tric material. 

106. The method of embodiment 91 , wherein said 
thick-film paste includes particles of a fen'ite mate- 35 
rial. 

107. The method of embodiment 91 , wherein said 
thick-film paste includes particles of a piezoelectric 
material. 

1 08. The method of embodiment 1 07, wherein said 
piezoelectric material is a lead zirconate titanate 
material. 

45 

109. The method of embodiment 91, wherein at 
least one of said green-sheet layers includes glass- 
ceramic particles, and wherein said sintering step 
Includes the step of sintering said at least one 
green-sheet layer so that glass is driven from the so 
interior of said at least one green-sheet layer to the 
surface to fonn a glass coating on said at least one 
green-sheet layer. 

1 1 0. A multilayered microf luidic device comprising: ss 

a substantially monolithic structure formed from 
a plurality of green-sheet layers sintered to- 



gether, said green-sheet layers including parti- 
cles selected from the group consisting of ce- 
ramic particles, glass particles, and glass-ce- 
ramic particles; 

said substantially monolithic structure having a 
fluid passageway defined therein, said fluid 
passageway having an inlet port for receiving 
fluid, an outlet port for releasing fluid, and an 
interconnection between said inlet port and 
said outlet port; and 

a first hydrophobic region disposed within said 
fluid passageway, said first hydrophobic region 
being sintered to a first one of said green-sheet 
layers. 

111. The multilayered microfluidic device of embod- 
iment 110, wherein said first hydrophobic region is 
formed by sintering a thick-film paste to said first 
one of said green-sheet layers. 

112. The multilayered microfluidic device of embod- 
iment 111, wherein said thick-film paste includes 
particles of a hydrophobic glass-ceramic material. 

1 1 3. The multilayered microfluidic device of embod- 
iment 112, wherein said hydrophobic glass-ceramic 
material includes Mg2Si04,MgF2 as a major crystal 
phase. 

114. The multilayered microfluidic device of embod- 
iment 110, furthercomprlslngasecond hydrophobic 
region disposed within said fluid passageway in op- 
posed relation to said first hydrophobic region, said 
second hydrophobic region being sintered to a sec- 
ond one of said green-sheet layers. 

115. The multilayered microfluidic device of embod- 
iment 111, wherein said thick-film paste is sintered 
into a via f omned in said first one of said green-sheet 
layers. 

116. A method for fabricating a multilayered struc- 
ture from a plurality of green-sheet layers, said plu- 
rality of green-sheet layers including at least a first 
layer and a second layer, said plurality of green- 
sheet layers having a polymer binder, the method 
comprising the steps of: 

applying an adhesive to a first surface of said 
first layer, said adhesive including an adhesive 
polymer differentfrom said polymer binder, said 
adhesive polymer decomposing at a higher 
temperature than said polymer binder; 
stacking said plurality of green-sheet layers to 
form a multilayered green-sheet structure, said 
adhesive interposing said first surface of said 
first layer and a second surface of said second 
layer; and firing said multilayered green-sheet 
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stmcture for a predetermined period of time to 
achieve a predetermined sintering tempera- 
ture, thereby fonming said muitiiayered struc- 
ture. 

117. The method of embodiment 116, wherein said 
adhesive polymer has a temperature of half decom- 
position that is higher than the temperature of half 
decomposition of said polymer binder. 

118. The method of embodiment 117, wherein said 
adhesive polymer has a temperature of haff decom- 
position that is 25 to 1 00° C higher than the temper- 
ature of half decomposition of said polymer binder. 

119. The method of embodiment 116, wherein said 
adhesive polymer has a temperature of maximum 
rate of decomposition that is higher than the tem- 
perature of maximum rate of decomposition of said 
polymer binder. 

120. The method of embodiment 119, wherein said 
adhesive polymer has a temperature of maximum 
rate of decomposition that is that is 25 to 1 00° C 
higher than the temperature of maximum rate of de- 
composition of said polymer binder. 

121 . The method of embodiment 116, wherein said 
polymer binder undergoes themnal decomposition 
predominantly by unzipping and said adhesive pol- 
ymer undergoes themnal decomposition predomi- 
nantly by random scission. 

122. The method of embodiment 116, wherein said 
adhesive polymer includes a polymer that has an 
ethylene main-chain group. 

1 23. The method of embodiment 116, wherein said 
adhesive polymer includes a polymer selected from 
the group consisting of vinyl acetate-ethylene and 
ethylenevinyl acrylic copolymer. 

124. The method of embodiment 116, wherein said 
polymer binder includes a polymer selected from 
the group consisting of acrylic polymers and acrylic 
copolymers. 



Claims 

1 . A muitiiayered microf luidic device comprising: 

a substantially monolithic structure formed from 
a plurality of green-sheet layers sintered to- 
gether, said green-sheet layers including parti- 
cles selected from the group consisting of ce- 
ramic particles, glass particles, and glass-ce- 
ramic particles; 



said substantially monolithic structure having a 
fluid passageway defined therein, said fluid 
passageway having an inlet port for receiving 
fluid, an outlet port for releasing fluid, and an 
5 interconnection between said inlet port and 

said outlet port; and 

said substantially monolithic structure having 
an electrically conductive pathway defined 
therein, said electrically conductive pathway in- 
to eluding a thick-film portion fonmed by sintering 
a thick-film paste to at least one of said green- 
sheet layers. 

2. The muitiiayered microfluidic device according to 
15 claim 1 , wherein said thick-film portion of said elec- 
trically conductive pathway includes a conductive 
trace sintered to one of said green-sheet layers, 
said conductive pathway includes a conductive 
trace sintered to one of said green-sheet layers, 

20 said conductive trace being fomned by depositing 
said thick-film paste in a predetemiined pattern onto 
a surface of said green-sheet layers. 

3. The muitiiayered microfluidic device according to 
25 claim 1 , wherein said thick-film portion of said elec- 
trically conductive pathway includes a conductor- 
filled via sintered to one of said green-sheet layers, 
said conductor-filled via being fomied by filling said 
thick-film paste into a via In said one of said green- 

30 sheet layers. 

4. The muitiiayered microfluidic device according to 
any one of claims 1 to 3, wherein at least a portion 
of said electrically conductive pathway defines one 

35 or more of a heater for heating a portion of said fluid 
passageway; a thennoelectric element; a capacitor; 
an inductor; a temperature sensor; an electroos- 
motic pump for pumping fluid through a portion of 
said fluid passageway; an electrohydrodynamic 

40 pump for pumping fluid through a portion of said flu- 
id passageway; and an electromagnet: for directing 
a magnetic field into a portion of said fluid passage- 
way. 

45 5. The muitiiayered microfluidic device according to 
claim 4, wherein said heater defines a coil wound 
around said portion of said fluid passageway. 

6. The muitiiayered microfluidic device according to 
50 claim 4, wherein said capacitor includes a portion 

of said fluid passageway, whereby said capacitor 
has a capacitance substantially dependent on the 
dielectric constant and volume of fluid in said por- 
tion of said fluid passageway. 

55 

7. The muitiiayered microfluidic device according to 
claim 4, wherein said inductor is adjacent to a por- 
tion of said fluid passageway, whereby said inductor 
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has an inductance substantially dependent on the 
magnetic penmeabillty and volume of fluid in said 
portion of said fluid passageway. 

8. The multilayered microfluidic device according to 
claim 7, wherein said inductor defines a coil wound 
around said portion of said fluid passageway. 

9. The multilayered microfluidic device according to 
claim 4, wherein said temperature sensor is adja- 
cent to a portion of said fluid passageway. 

10. The multilayered microfluidic device according to 
claim 9, wherein said temperature sensor Includes 
a material having a resistance substantially de- 
pendent on temperature, whereby said temperature 
sensor senses the temperature of fluid In said por- 
tion of said fluid passageway. 

11. The multilayered microfluidic device of claim 4. 
wherein said electroosmotic pump Includes a first 
electrode in contact with said portion of said fluid 
passageway at a first location and a second elec- 
trode In contact with said portion of said fluid pas- 
sageway at a second location. 

12. The multilayered microfluidic device of claim 4, 
wherein said electrohydrodynamic pump includes a 
plurality of substantially evenly spaced electrodes 
in contact with said portion of said fluid passage- 
way. 

13. The multilayered microfluidic device of claim 4, 
wherein said electromagnet further comprises a 
core sintered into at least one of said green-sheet 
layers, said core being composed of a material hav- 
ing a high magnetic permeability. 

14. The multilayered microfluidic device of claim 4, 
wherein said electromagnet defines a coil wound 
around said portion of said fluid passageway. 

15. The multilayered microfluidic device of claim 14, 
wherein said coll Is wound around a material having 
a high magnetic permeability, said material being 
sintered to at least one of said green-sheet layers. 

16. The multilayered microfluidic device according to 
any one of the preceding claims, further comprising 
one or more of thermal Isolation means for reducing 
heat exchange between said portion of said fluid 
passageway and another portion of said device; 
means for providing a high themnal conductivity 
pathway to said portion of said fluid passageway; a 
heat exchanger for exchanging heat with said por- 
tion of said fluid passageway, said heat exchanger 
including a second fluid passageway defined by 
said plurality of green-sheet layers; a heterogene- 



ous catalyst disposed in said fluid passageway; a 
pH sensor disposed in said fluid passageway, said 
pH sensor being connected to said electrically con- 
ductive pathway; means for pumping fluid through 
5 a portion said fluid passageway; a piezoelectric 
pump for pumping fluid through a portion of said flu- 
id passageway, said piezoelectric pump including 
at least one piezoelectric member In contact with 
said fluid passageway. 

10 

17. The multilayered microfluidic device according to 
claim 16, wherein said themnal isolation means In- 
cludes a cavity defined by said plurality of green- 
sheet layers. 

15 

18. The multilayered microfluidic device according to 
claim 4, wherein said heterogeneous catalyst is 
formed by sintering a thick-film paste to at least one 
of said green-sheet layers, 

20 

19. A multilayered microfluidic device according to 
claim 4, wherein said pH sensor includes an elec- 
trode layer sintered to one of said green-sheet lay- 
ers and a glass layer sintered to said electrode lay- 

25 er. 

20. The multilayered microfluidic device according to 
claim 19, wherein said electrode layer is formed 
from a thick-film paste containing metal particles 

30 and said glass layer Is formed from a thick-film 
paste containing glass particles. 

21. The multilayered microfluidic device according to 
claim 4, wherein said piezoelectric pump Includes 

35 a pair of piezoelectric members in contact with said 
fluid passageway, said pair of piezoelectric mem- 
bers having electrodes thereon for developing a co- 
operative motion for pumping fluid through said por- 
tion of said fluid passageway. 

40 

22. The multilayered microfluidic device according to 
claim 21 , wherein said cooperative motion Is a sur- 
face acoustic wave. 

45 23. The multilayered microfluidic device according to 
claim 21, wherein said cooperative motion is a 
bending motion. 

24. The multilayered microfluidic device according to 
50 claim 21 , wherein said cooperative motion is a lon- 
gitudinal motion. 

25. The multilayered microfluidic device according to 
any one of the preceding claims, wherein said sub- 

55 stantially monolithic structure includes an optically 
transmisslve portion. 

26. The multilayered microfluidic device according to 
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claim 25, wherein said optically transmissive por- 
tion provides external optical access to a portion of 
said fluid passageway. 

27. The multilayered microfluidic device according to 
claim 25 or 26, wherein said optically transmissive 
portion is fonned from at least one of said plurality 
of green-sheet layers, said at least one of said plu- 
rality of green-sheet layers including glass particles. 

28. The multilayered microfluidic device according to 
any one of claims 25 to 27, wherein said optically 
transmissive portion includes a glass-filled via sin- 
tered into one of said green-sheet layers, said 
glass-filled via being fomned by filling a via in said 
one of said green-sheet layers with a thick-film 
paste containing glass particles. 

29. The multilayered microfluidic device according to 
any one of claims 25 to 28, wherein said optically 
transmissive portion includes a polymer-filled via, 
said polymer-filled via being fonned by filling a via 
in one of said green-sheet layers with a material that 
polymerizes into an optically transmissive polymer. 

30. The multilayered microfluidic device according to 
any one of claims 25 to 29, wherein said optically 
transmissive portion includes an optical fiber. 

31. The multilayered microfluidic device according to 
any one of claims 25 to 30, wherein said optically 
transmissive portion includes an optically transmis- 
sive trace sintered to a surface of one of said green- 
sheet layers, said optically transmissive trace being 
fonned by depositing a thick-film past containing 
glass particles onto said surface of said one of said 
green-sheet layers. 

32. The multilayered microfluidic device according to 
any one of the previous claims wherein said fluid 
passageway includes a capillary stop, whereby said 
capillary stop substantially blocks the flow of fluid at 
low pressures but allows the flow of fluid at high 
pressures. 

33. The multilayered microfluidic device according to 
claim 32, wherein said capillary stop comprises an 
abrupt and substantial change in channel size. 

34. The multilayered microfluidic device according to 
claim 32 to 33, wherein said capillary stop compris- 
es a hydrophobic region within said fluid passage- 
way. 

35. The multilayered microfluidic device according to 
claim 34 wherein said hydrophobic region is formed 
by sintering a thick-film paste to at least one of said 
green-sheet layers. 



36. The multilayered microfluidic device according to 
claim 35, wherein said thick-film paste contains par- 
ticles of a hydrophobic glass-ceramic material. 

5 37. The multilayered microfluidic device according to 
any one of the preceding claims, wherein said sub- 
stantially monolithic structures includes a glass 
coating defining the walls of at least a portion of said 
fluid passageway. 

10 

38. The multilayered microfluidic device according to 
claim 37, wherein said glass coating is fonned by 
sintering a thick-film paste to at least one of said 
green-sheet layers, said thick-film paste containing 

15 glass particles. 

39. The multilayered microfluidic device according to 
claim 37 or 38, wherein at least one of said green- 
sheet layers includes glass-ceramic particles, and 
wherein said glass coating is fonned by sintering 
said at least one green-sheet layer so that glass Is 
driven from the interior of said at least one green- 
sheet layer to the surface of said at least one green- 
sheet layer. 
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